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This  F i n a l  Report  f o r  t h e  "Study of D i r e c t  Versus O r b i t a l  
E n i r y  for  Mars Missions' '  (NASA C o n t r a c t  NAS1-7976) i s  provided 
i n  accordance w i t h  P a r t  111 A.4 of t h e  c o n t r a c t  schedule  a s  
amended. The r e p o r t  i s  i n  s i x  volumes as fol lows:  

NASA CR-66659 - Volume I - Summary; 

NASA CR-66660 - Volume I1 - Parametric S t u d i e s ,  F i n a l  Analyses ,  
and Conceptual Designs;  

NASA CR-66661 - Volume I11 - Appendix A - Launch Veh ic l e  
Performance and F l i g h t  Mechanics;  

NASA CR-66662 - Volume I V  - Appendix B - E n t r y  and Terminal 
Phase Performance Analys is  ; 

NASA CR-66663 - Volume V - Appendix C - E n t r y  Conf igura t ion  
Analys is  ; 

NASA CR-66664 - Volume V I  - Appendix D - Subsystem S t u d i e s  
and Pa rame t r i c  Data. 
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APPENDIX C 

1. AEROHEATING ANALYSIS 

P a r a m e t r i c  Data 

i 

D e f i n i t i o n  o f  p a r a m e t e r s  i n  s t u d y .  - P a r a m e t e r s  s t u d i e d  a re  
d e f i n e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

E n t r y  p a r a m e t e r s :  The maximum e n t r y  f l i g h t p a t h  a n g l e s  and 
t h e  r a n g e s  of v e l o c i t i e s  t o  be used i n  t h e  Mars M i s s i o n  Mode Study 
were s p e c i f i e d  i n  r e f e r e n c e  C 1 .  The minimum f l i g h t p a t h  a n g l e s  

'E' 'E were s p e c i f i e d  t o  be 2 0  above s k i p o u t .  The r e s u l t i n g  

boxes a r e  shown i n  f i g u r e  C1 f o r  b o t h  t h e  o r b i t  and d i r e c t  e n t r y  
modes. The s p e c i f i c  VEJ  yE combina t ions  f o r  which a e r o h e a t i n g  

d a t a  were g e n e r a t e d  a r e  a l s o  shown i n  f i g u r e  C 1 .  

An e n t r y  w e i g h t  r a n g e  o f  500 t o  10 000 l b  i s  s p e c i f i e d  by 
r e f e r e n c e  C 1 .  The p o s s i b l e  a e r o s h e l l  d i a m e t e r  i s  l a r g e  (30 f t )  
when a e r o s h e l l  e x t e n s i o n s  a r e  c o n s i d e r e d .  It i s  c o n v e n i e n t  t o  
u s e  b a l l i s t i c  c o e f f i c i e n t  i n  p a r a m e t r i c  e n t r y  a n a l y s e s  r a t h e r  
t h a n  s p e c i f i c  w e i g h t s  and d i a m e t e r s .  A b a l l i s t i c  c o e f f i c i e n t  
r a n g e  o f  0 .1  t o  0 . 6  was used t o  c o v e r  t h e  o s s i b l e  combina t ions  
o f  e n t r y  w e i g h t s  and a e r o s h e l l  d i a m e t e r s .  An i n t e r m e d i a t e  v a l u e  
o f  0 . 3  was used so  t h a t  v a r i a t i o n s  w i t h  ba l i s t i c  c o e f f i c i e n t  can  
b e  d e f i n e d .  

C o n f i g u r a t i o n s :  A 70" h a l f - a n g l e  cone was s e l e c t e d  as t h e  
r e f e r e n c e  c o n f i g u r a t i o n  d u r i n g  t h e  Phase B Voyager s t u d y  ( r e f .  
C 2 ) .  T h e r e f o r e ,  t h e  o r b i t a l  mode a n a l y s i s  w a s  based  on  t h e  70" 
cone c o n f i g u r a t i o n  w i t h  a nose - to -base  r a d i u s  r a t i o  o f  0 . 5 0 .  

A v a l i d  m i s s i o n  mode comparison i s  made by u s i n g  t h e  70" cone 
f o r  t h e  d i r e c t  mode as w e l l .  A c t u a l l y  t h e  l a r g e r  a x i a l  f o r c e  
c o e f f i c i e n t  o f  t h e  70" shou ld  be even more advan tageous  f o r  p e r -  
f o r m a n c e - l i m i t e d  sys t ems  of t h e  c u r r e n t  s t u d y  t h a n  f o r  t h e  Phase 
B Voyager sys t em.  However, l i m i t e d  a e r o h e a t i n g  d a t a  have been 
o b t a i n e d  f o r  t h e  60" cone so  t h a t  compar i sons  c a n  be made. The 
n o s e - t o - b a s e  b l u n t n e s s  r a t i o  was assumed t o  be 0 .50  t o  e l i m i n a t e  
a n  a d d i t i o n a l  v a r i a b l e .  

T h i s  a e r o h e a t i n g  a n a l y s i s  i s  g e n e r a l l y  l i m i t e d  t o  two p o i n t s  
on t h e  a e r o s h e l l .  These p o i n t s  a r e  t h e  s t a g n a t i o n  p o i n t  and t h e  
cone edge .  Ana lyses  a t  t h e s e  two p o i n t s  a r c  c o n s i d e r e d  a d e q u a t e  
f o r  d e f i n i n g  t h e  h e a t i n g  t o  t h e  a e r o s h e l l  and t h e  a b l a t o r  w e i g h t  
f o r  t h i s  s t u d y  . 

1 
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i . 1  

, 

A e r o s h e l l  e x t e n s i o n s  a r e  c o n s i d e r e d  t o  b e  e x t e n s i o n s  of  a 15- 
Cone edge h e a t i n g  data are applied t o  e x -  f t  d i a m e t e r  a e r o s h e l l .  

t e n s i o n s  w i t h  p r o p e r  c o n s i d e r a t i o n  o f  e x t e n d e d  d i a m e t e r .  

Atmospheres:  The c o n v e c t k e  h e a t i n g  i s  p r i m a r i l y  a f u n c t i o n  
of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  a t m o s p h e r e ,  i . e . ,  s c a l e  
h e i g h t ,  r a t h e r  t h a n  o f  c o m p o s i t i o n ,  The h i g h e s t  h e a t i n g  r a t e s  
a r e  e n c o u n t e r e d  i n  t h e  low-sca le  h e i g h t  a t m o s p h e r e s ,  w h i l e  t h e  
g r e a t e s t  t o t a l  h e a t  l o a d s  occur  i n  t h e  l o w - s c a l e  h e i g h t  a t m o s p h e r e s .  
The VM-7 and VM-8 a tmospheres  were found t o  b e  c r i t i c a l  i n  t h e  
Phase B Voyager s t u d y  and were used  i n  t h e  Mars M i s s i o n  Mode Study 
f o r  o r b i t a l  e n t r y .  

R a d i a t i o n  h e a t i n g ,  which becomes s i g n i f i c a n t  f o r  d i r e c t  mode 
e n t r y ,  i s  a s t r o n g  f u n c t i o n  of  a tmosphe re  c o m p o s i t i o n .  VM-7 i s  
s t i l l  u sed  as t h e  c r i t i c a l  h i g h - s c a l e  h e i g h t  a tmosphe re  b e c a u s e  
t h e  c o m p o s i t i o n  i s  t h e  same f o r  a l l  t h e  h i g h - s c a l e  h e i g h t  a tmos -  
p h e r e s .  VM-4 was used as t h e  c r i t i c a l  l o w - s c a l e  h e i g h t  a tmos -  
p h e r e  b e c a u s e  of  t h e  g r e a t e r  r a d i a t i o n  i n t e n s i t y  a t  h i g h  v e l o c i t i e s  . 
i n  t h i s  a tmosphe re  t h a n  i n  VM-8. 

S c a l e  f a c t o r s  and u n c e r t a i n t i e s :  C o n v e c t i v e  l a m i n a r  h e a t i n g  
and r a d i a t i o n  h e a t  t r a n s f e r  c a n  be s c a l e d  t o  a n y  a e r o s h e l l  s i z e .  
T u r b u l e n t  c o n v e c t i v e  h e a t i n g  s c a l e  f a c t o r s  a r e  p r o v i d e d  w i t h  t h e  
d a t a :  

S t a g n a t i o n  c o n v e c t i v e  h e a t  t r a n s f e r  r a t e  s c a l e s  as t h e  
i n v e r s e  r a t i o  of  t h e  s q u a r e  r o o t  of  t h e  nose  r a d i i ;  

E q u i l i b r i u m  r a d i a t i o n  h e a t  t r a n s f e r  r a t e  s c a l e s  d i r e c t l y ’  
as n o s e  r a d i u s  o r  a e r o s h e l l  d i a m e t e r ;  

N o n e q u i l i b r i u m  r a d i a t i o n  i s  c o n s i d e r e d  t o  be  i n d e p e n d e n t  
o f  a e r o s h e l l  s i z e .  

The re  a r e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  p r e d i c t i o n  of h e a t  
t r a n s f e r  i n  t h e  M a r t i a n  a tmosphe re  a t  t h e  c u r r e n t  t i m e .  The f o l -  
lowing u n c e r t a i n t y  f a c t o r s  h a v e  b e e n  a s s i g n e d  t o  t h e  p r e d i c t e d  
h e a t i n g  r a t e s  € o r  d e s i g n  p u r p o s e s :  

C o n v e c t i v e  h e a t  t r a n s f e r ,  1 .5 ;  

E q u i l i b r i u m  r a d i a t i o n ,  2 .0 ;  

Nonequ i l ib r ium r a d i a t i o n ,  3.0; 

Base h e a t i n g ,  c o n v e c t i v e  and r a d i a t i o n ,  2 . O .  
8 
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Aerqheating data. - The aeroheating data presented in this 
appendix consist of summaries of maximum heating rates, total 
heating loads, and aerodynamic shear stresses. Such summaries 
allow rapid evaluations of the effects of V E ,  yE and B and 

comparisons o f  the mission mode. Time histories of entry trajec- 
tory and heating parameters are available in reference C3 for the 
entire matrix of cases worked in this study. The analysis tech- 
niques used in generating these data are discussed in the sub- 
section of this appendix entitled "Analysis Techniques." 

Normalized pressure and laminar convective heating distribu- 
tions are given in figure C2 for both the 60 and 70"  half-angle 
cones. The design stagnation pressure is used as twice the dy- 
namic pressure. Dynamic pressure summaries are presented in 
Section 1 of Appendix B. These normalized distributions are in- 
dependent of atmosphere and entry parameters, 

Orbit mode: For the VM-7 atmosphere, the summary of total 
heat (Q) and maximum heating rate (4) is given in figure C3 for 
the stagnation point of a 1.0-ft radius sphere. These data scale 
as the inverse of the square root of the nose radius. Maximum 
heating rates increase with increases in entry velocity, flight - 
path angle, and ballistic coefficient. Total heating loads in- 
crease with increases in entry velocity and ballistic coefficient 
and increase with decreasing flightpath angle. 

Laminar flow exists over the cone surface during the entire 
heating pulse for the matrix of parameters studied in the orbit 
mode. Thus, the heating distribution of figure C2 can be used 
with the properly scaled data of figure C3 to obtain maximum heat- 
ing distributions for any size aeroshell. Maximum values o f  the 
laminar aerodynamic shear stress at the edge of the cone are shown 
in figure C4. The shear stress is a weak function of aeroshell 
diameter, and it is considered to be independent of diameter for 
this parametric study. Convective base heating is estimated to 
be 2% of stagnation. 

For the VM-8 atmosphere, summary stagnation point heating data 
are presented in figure C5. Higher maximum heating rates and lower 
total heat loads are experienced in VM-8 than in VM-7 for a given 
set of conditions. Maximum laminar shear stress data are shown 
in figure C6. 

. 
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T r a n s i t i o n  t o  t u r b u l e n c e  c a n  o c c u r  a t  t h e  cone  edge f o r  a 
l i m i t e d  range of b a l l i s t i c  c o e f f i c i e n t s ,  f l i g h t p a t h  a n g l e s ,  and 
a e r o s h e l l  d i a m e t e r s .  T u r b u l e n t  f low o c c u r s  a t  t h e  edge  of t h e  
cone f o r  a e r o s h e l l  d i a m e t e r s  g r e a t e r  t h a n  1 2  f t  f o r  t h e  combina-  
t i o n s  o f  B and y shown i n  f i g u r e  C 7 .  The c o n d i t i o n s  f o r  

which t u r b u l e n t  f low was found i n  t h i s  s t u d y  d o  n o t  v a r y  s i g n i f i -  
c a n t l y  over  t h e  e n t r y  v e l o c i t y  r a n g e  o f  14 000 t o  16 000 f p s .  
The t r a n s i t i o n  Reyno lds '  number i s  r e a c h e d  n e a r  t h e  t ime o f  maxi-  
mum h e a t i n g  r a t e  f o r  a l l  c a s e s  b e c a u s e  t h e  r .eynolds '  number i s  
i n c r e a s i n g  r a p i d l y  w i t h  t i m e .  For t h e  p a r a m e t r i c  s t u d y ,  i t  i s  
assumed t h a t  t r a n s i t i o n  i n  VM-8 o c c u r s  a t  t h e  t i m e  of maximum 
h e a t i n g  and t h a t  t h e  flow goes  t u r b u l e n t  o v e r  t h e  e n t i r e  cone  a t  
t h i s  t i m e .  F a c t o r s  have  been d e r i v e d  t o  a c c o u n t  f o r  t h e  e f f e c t s  
o f  t u r b u l e n c e  on h e a t i n g  r a t e  and s h e a r  s t r e s s .  These f a c t o r s  
a r e  c o n s i d e r e d  t o  b e  c o n s t a n t  w i t h  t ime d u r i n g  e n t r y  and t o  a p p l y  
o v e r  t h e  sma l l  r a n g e  o f  e n t r y  c o n d i t i o n s  and a e r o s h e l l  d i a m e t e r s  
o f  c o n c e r n .  These f a c t o r s ,  a l s o  shown i n  f i g u r e  C 7 ,  a r e :  

E 

T u r b u l e n t  edge h e a t i n g  r a t e l s t a g n a t i o n  h e a t i n g  r a t e  

T u r b u l e n t  edge t o t a l  h c a t i n g / s t a g n a t i o n  p o i n t  t o t a l  h e a t -  
i n g (  Qe / Q s )  = 1 - 1 2 ;  

TURB 

T u r b u l e n t  edge s h e a r  s t r e s s /  l a m i n a r  edge s h e a r  s t r e s s  
= 3 . 5 .  ( ' eTU RB /'. LAM) 

D i r e c t  mode, 70' cone:  Fo r  t h e  VM-7 a t m o s p h e r e ,  d i r e c t  mode 
h e a t i n g  d a t a  a r e  p r e s e n t e d  f o r  a 1 5 - f t  d i a m e t e r  a e r o s h e l l .  The 
nose  r a d i u s  i s  3.75 f t .  S t a g n a t i o n  p o i n t  c o n v e c t i v e  h e a t i n g  d a t a  
a r c  p r e s e n t e d  i n  f i g u r e  C 8 .  E q u i l i b r i u m  r a d i a t i o n  h e a t i n g  d a t a  
f o r  t h e  s t a g n a t i o n  p o i n t  are  g i v e n  i n  f i g u r e  C 9 .  N o n e q u i l i b r i u m  
r a d i a t i o n  h e a t i n g  d a t a  a r e  p r e s e n t e d  i n  f i g u r e  C L O .  
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" 
2 3 12 13 14 2 3  24 2 5  

G m a x ,  Bt u / f  t '- sec 

F i g u r e  C10.  - S t a g n a t i o n  P o i n t  Nonequi l ibr iurn  R a d i a t i o n  H e a t i n g ,  VM-7,  
D i r e c t  E n t r y  
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J 

I -' 

Turbulent flow conditions exist at the cone edge for a range 
of conditions similar to the orbit mode in VM-8. This range of 
conditions is indicated in figure C 1 1 .  In this case, the transi- 
tion to turbulence occurs at about the time that the heating rate 
has decreased to one-half its maximum, The factors used to ac- 
count for the effects of turbulence are: 

Turbulent edge heating ratelstagnation heating rate ps) = 1.4;  
TURB 

Turbulent edge total heating/stagnation point total heat- 
ing (Qe /Qs) = 0.8; 

TURB 

Turbulent edge shear stress/laminar edge shear stress 

This combination of B, y, and diameter for which turbulence 
exists is considered to be independent of entry velocity. Laminar 
maximum shear stress values are shown in figure C12 and are con- 
sidered independent of aeroshell diameter. Equilibrium radiation 
heating at the cone edge is given in figure C 1 3 ,  and nonequilibrium 
heating is given in figure C 1 4 .  

Radiation heating to the base is summarized in figure C15. 
The convective heating is estimated to be 2% of stagnation. 

For the VM-4 atmosphere, stagnation point convective heating 
data are presented in figure C16. Stagnation point radiation 
equilibrium data are shown in figure C 1 7 ,  and radiation nonequi- 
librium data are shown in figure C 1 8 .  

Turbulent flow conditions occur at the cone edge for a wide 
range of the VE, y E ,  B y  \ matrix studied. Therefore, it 

is necessary to provide more detailed information on the effects 
of turbulence than f o r  the previous cases. The turbulent flow 
boundaries are defined in figure C 1 9  in terms of ?'E> B Y  and 

RB. 
velocity. Transition to turbulence occurs very near the time of 
maximum convective heating rate for all cases in this low-scale 
height atmosphere. Transition is assumed to occur at for 

These boundaries are still relatively independent of entry 

'max 
this study. Turbulent heating ratios /tS) at the edge are 

B '  
Laminar shear stress data are shown in f i g u r e  C ? 1 ,  and turbulent 
shear stress data are shown in figure C 2 2 .  These data are con- 
sidered to be independent of aeroshell size. 

presented in figure C 2 0  as functions of VE, y E Y  B, and R 

15 
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- Note: 1. Turbulence exists over complete 
velocity range. 
Turbulence limited to RB > 6.5 ft. 
Turbulence begins at lower 0.5 hma,. 

2. 

3 .  
4 .  4, 

turb 

tI 5. Qe 

= 3.0. 
e 6. z t 

Ballistic coefficient, B, slug/ft* 

Figure C11.- VM-7 Direct Entry Turbulent Flow Regime (Cone Edge) 
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E q u i l i b r i u m  r a d i a t i v e  h e a t i n g  a t  t h e  edge i s  p r e s e n t e d  i n  
f i g u r e  C 2 3 ,  a n d  n o n e q u i l i b r j u m  r a d i a t i v e  h e a t i n g  i s  p r e s e n t e d  i n  
f i g u r e  C 2 4 .  

R a d i a t i v e  h e a t i n g  t o  t h e  base  o f  t h e  v e h i c l e  i s  shown i n  f i g -  
u r e  C 2 5 .  Convect ive  h e a t i n g  i s  e s t i m a t e d  t o  be 2% o f  s t a g n a t i o n .  

The a n a l y s i s  o f  t h e  60" cone h a s  been l i m i t e d  t o  VM-4 because  
t h e  t u r b u l e n t  f low reg imes  a r e  expec ted  t o  r e s u l t  i n  t h e  most 
c r i t i c a l  compar isons .  The 60" cone was o n l y  ana lyzed  a t  e n t r y  
v e l o c i t i e s  o f  . 1 P  000 and 2 1  000 f p s .  The c o n d i t i o n s  f o r  which 
t u r b u l e n c e  e x i s t  seem t o  be more v e l o c i t y - d e p e n d e n t  t h a n  f o r  t h e  
70' cone .  T u r b u l e n t  flow boundar i e s  a r e  p r e s e n t e d  i n  f i g u r e  C26 
f o r  a n  e n t r y  v e l o c i t y  o f  18 000 f p s  and i n  f i g u r e  C 2 7  f o r  2 1  000 
f p s .  

Turbu len t  edge h e a t i n g  f a c t o r s  a r e  g i v e n  i n  f i g u r e  C28 f o r  
t h e  60" cone.  V o r t i c i t y  i n t e r a c t i o n  i s  expec ted  t o  i n c r e a s e  t l i c '  
h e a t i n g  over  t h e  cone s i g n i f i c a n t l y ,  and v o r t i c i t y  i n t e r a c t i o n  
f a c t o r s  a r e  g i v e n  i n  f i g u r e  C28 a s  a f u n c t i o n  o f  v e l o c i t y .  The 
edge h e a t i n g  r a t i o  w i t h  v o r t i c i t y  i n t e r a c t i o n  Iwcomes 

= (;eT,K,/{s) x V o r t i c i t y  F a c t o r  
(4eTUKB / " )wi th  v o r t  

Laminar sl iear s t r e s s  v a l u e s  a r e  p r e s e n t e d  i n  f i g u r e  C20, and 
t u r b u l e n t  v a l u e s  a r e  p r e s e n t e d  i n  f i g u r e  C30. 

D i scuss ion  of  p a r a m e t r i c  d a t a .  - P a r a m e t r i c  d a t a  a r e  d i s -  
cussed  i n  the  folloLding p a r a g r a p h s .  

Miss ion  mode i n f l u e n c e :  A m i s s i o n  mode compar ison  must be 
tempered by t h e  sys tem c o n s t r a i n t s  t h a t  r e s u l t  i n  d i f f e r e n t  e n t r y  
c o r r i d o r s ,  d i f f e r e n t  s i z e  a e r o s h e l l s ,  and d i f f e r e n t  I i a l l i s t i c  c o -  
e f f i c i e n t s  f o r  o r b i t a l  and d i r e c t  modes. However, a mean ingfu l  
comparison of t h e  e f f e c t  o f  e n t r y  mode on a e r o h e a t i n g  can  be I,ased 
s o l e l y  on t h e  p a r a m e t r i c  d a t a  p r e s e n t e d  i n  t l ie "Aei-oheating Data"  
pa rag raph  of t h i s  s u b s e c t i o n .  Aero l iea t ing  d a t a  w i l l  lie p r e s e n t e d  
a s  a f u n c t i o n  o f  v e l o c i t y  because  t h i s  i s  a p r imary  d i s t i n c t i o n  
1)etween modes. The e n t r y  f l i g h t p a t h  a n g l e s  t o  be  used  a r e  -17"  
f o r  tlie o r b i t a l  mode and - 2 8 "  f o r  t l ie d i r e c t  mode. These may lie 
nc'ar nominal e n t r y  a n g l e s  f o r  t h e  two modes, t h e y  do n o t  r e p r e -  
sent c r i t i c a l .  t l cs ign  c a s e s  because  t h e s e  a r e  g e n e r a l l y  t h e  m i n -  
i n i i i m  a n d / o r  maximum e n t r y  a n g l e s .  A b a l l i s t i c  c o e f f i c i e n t  o f  
0.3 nntl a n  a e r o s l i e l l  d i a m e t e r  of L5 f t  a r e  used f o r  Imth modcs. 
llie chosen pa rame te r s  r e p r e s e n t  c o n d i t i o n s  f o r  wllich d a t a  a r e  
a v a i l a b l e ,  and n o  i n t e r p o l a t i o n  i s  r e q u i r e d .  T h i s  m i s s i o n  mode 
coiiipai-iscJn i s  based  on d a t a  f o r  klle cone edge because  t h i s  i s  mort 
s i g n i  r i c a n t  to t l ie I ieat  s h i e l d  d e s i g n  than  i s  t h e  s t a g n a t i o n  p o i n t .  

, ,  
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__ Note: 1. Those  symbols above t h e  base  r a d i u s  l i n e s  
r e p r e s e n t  c o n d i t i o n s  f o r  which t h e  edge  

H f low i s  t u r b u l e n t .  
2. T r a n s i t i o n  o c c u r s  a t  4 max' I+- 

I I 

F i g u r e  C26.- T u r b u l e n t  Flow Regime (Cone Edge) VM-4,  Direc t  E n t r y  60" 
Half -Angle  Cone, VE = 18 000 f p s  
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c 

Maximum h e a t i n g  r a t e  d a t a  f o r  t h e  s e l e c t e d  c o n d i t i o n s  a r e  p r e -  
s e n t e d  i n  f i g u r e  C 3 1 .  Laminar c o n v e c t i v e  h e a t i n g  r a t e  e x h i b i t s  a 
s t e a d y  i n c r e a s e  w i t h  v e l o c i t y  and  d i s c o n t i n u i t y  between modes be-  
cause  o f  d i f f e r e n c e  i n  e n t r y  f l i g h t p a t h  a n g l e .  The d i r e c t  mode 
l amina r  h e a t i n g  r a t e  a t  18 000 f p s  i s  t w i c e  t h a t  o f  t h e  o r b i t a l  
mode and i s  4 times a s  g r e a t  a t  2 1  000 f p s .  However, t h e  tu rbu-  
l e n t  c o n v e c t i v e  h e a t i n g  r a t e  i n  VM-4 i s  f o u r  times a s  g r e a t  a s  
t h e  l a m i n a r ,  The t u r b u l e n t  h e a t i n g -  r a t e  can  be h i g h  enough t o  
r e q u i r e  t h e  u s e  o f  a more dense a b l a t o r  w i t h  a r e s u l t i n g  g r e a t e r  
h e a t  s h i e l d  w e i g h t  ( s e e  S e c t i o n  2 of  t h i s  a p p e n d i x ) .  Maximum 
r a d i a t i v e  h e a t i n g  r a t e  i s  i n s i g n i f i c a n t  a t  t h e  lowes t  d i r e c t  e n t r y  
v e l o c i t i e s  b u t  can  be dominant a t  t h e  h i g h e s t  d i r e c t  mode v e l o c -  
i t i e s .  I n  f a c t ,  when t h e  u n c e r t a i n t y  f a c t o r s  o f  t h e  " D e f i n i t i o n  
o f  Pa rame te r s  i n  Study" pa rag raph  o f  t h i s  s u b s e c t i o n  a r e  a p p l i e d  
t h e  combina t ion  o f  r a d i a t i v e  and  l amina r  c o n v e c t i v e  h e a t i n g  a t  
h i g h  v e l o c i t i e s  can  a l s o  r e q u i r e  a change i n  a b l a t o r  m a t e r i a l .  

T o t a l  h e a t i n g  l o a d  d a t a  a r e  p r e s e n t e d  i n  f i g u r e  C 3 2 .  Here 
t h e  l amina r  c o n v e c t i v e  d a t a  show a d e c r e a s e  from t h e  o r b i t  t o  t h e  
d i r e c t  mode because  o f  t h e  d i f f e r e n c e s  i n  e n t r y  f l i g h t p a t h  a n g l e .  
The l a r g e s t  l amina r  h e a t i n g  l o a d s  o c c u r  i n  VM-7 f o r  b o t h  modes. 
However, t u r b u l e n t  h e a t i n g  i n  VM-4 i s  dominant  f o r  t h e  d i r e c t  
c a s e .  The d i f f e r e n c e s  i n  magnitude between o r b i t a l  and d i r e c t  
modes a r e  less  pronounced f o r  t o t a l  h e a t i n g ,  which d e t e r m i n e s  
a b l a t o r  t h i c k n e s s ,  t h a n  they  a r e  f o r  h e a t i n g  r a t e .  R a d i a t i o n  
h e a t i n g  l o a d s  a r e  i n s i g n i f i c a n t  a t  t h e  l o w e s t  d i r e c t  e n t r y  v e l o c -  
i t i e s  b u t  a r e  o f  major  impor tance  a t  t h e  h i g h e s t  v e l o c i t i e s .  
Maximum laminar  h e a t i n g  loads  a r e  a s s o c i a t e d  w i t h  m i n i m u m  f l i g h t -  

' p a t h  a n g l e s  because  o f  t h e  long  f l i g h t  t i m e s  i n v o l v e d .  T h e r e f o r e ,  
d a t a  a re  a l s o  shown i n  f i g u r e  C 3 2  f o r  t h e  minimum e n t r y  a n g l e s  
from f i g u r e  C 1  i n  t h e  VM-7 a tmosphere .  When t h e  t o t a l  r a d i a t i v e  
and c o n v e c t i v e  l o a d s  a r e  c o n s i d e r e d ,  i t  i s  n o t  a p p a r e n t  whether  
VM-7 o r  VM-4 i s  t h e  more c r i t i c a l  h e a t  s h i e l d  d e s i g n  c a s e .  This 
i m p l i e s  t h a t  t h e  i n f l u e n c e  o f  t u r b u l e n t  h e a t i n g  o n  h e a t  s h i e l d  
d e s i g n  may r e s u l t  more from c o n s i d e r a t i o n  o f  maximum h e a t i n g  r a t e  
t h a n  from t o t a l  h e a t i n g  l o a d .  

TWO s i g n i f i c a n t  f a c t o r s  a r i s e  from an  i n s p e c t i o n  of  f i g u r e s  
C 3 1  and C32. R a d i a t i v e  h e a t i n g  and t u r b u l e n t  c o n v e c t i v e  h e a t i n g  
can  e x e r t  s t r o n g  i n f l u e n c e s  on h e a t  s h i e l d  d e s i g n  f o r  t h e  d i r e c t  
mode. The i n f l u e n c e  o f  r a d i a t i v e  h e a t i n g  i s  f u r t h e r  compl i ca t ed  
by t h e  u n c e r t a i n t y  i n  c u r r e n t  e s t i m a t e s .  T h i s  problem can  be 
l a r g e l y  e l i m i n a t e d  by r e s t r i c t i n g  e n t r y  v e l o c i t i e s  t o  l e s s  t han  
20  000 f p s .  T r a n s i t i o n  t o  t u r b u l e n c e  i s  a f u n c t i o n  o f  e n t r y  con- 
d i t i o n s ,  p r i m a r i l y  e n t r y  a n g l e ,  and o f  c o n f i g u r a t i o n ,  i . e .  , b a l -  
l i s t i c  c o e f f i c i e n t  and d i a m e t e r .  
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An i n s p e c t i o n  o f  f i g u r e  C19 shows t h a t  t h e r e  a r e  combina t ions  o f  
t h e s e  pa rame te r s  f o r  which t u r b u l e n c e  d o e s  n o t  e x i s t ,  However, 
i t  i s  u n l i k e l y  t h a t  b o t h  t h e  e n t r y  c o r r i d o r  and c o n f i g u r a t i o n  can  
be  so c o n s t r a i n e d  a s  t o  a v o i d  t u r b u l e n c e .  The t u r b u l e n c e  problem 
i s  f u r t h e r  compl i ca t ed  by t h e  l a c k  o f  c o n f i d e n c e  i n  t h e  f low t r a n -  
s i t i o n  c r i t e r i a ,  Thus ,  t h e  e s t i m a t e s  o f  aerodynamic h e a t i n g  f o r  
t h e  d i r e c t  mode a r e  c h a r a c t e r i z e d  by two i m p o r t a n t  u n c e r t a i n t i e s  
t h a t  r e q u i r e  c o n s e r v a t i s m  i n  c u r r e n t  e s t i m a t e s  and can have  s i g -  
n i f i c a n t  i n f l u e n c e s  on  a b l a t o r  we igh t  r e q u i r e m e n t s .  
m i s s i o n  mode w i l l  r e q u i r e  a more complex a n d  c o s t l y  e x p e r i m e n t a l  
program t o  a d e q u a t e l y  d e f i n e  t h e  aerodynamic  h e a t i n g  t h a n  w i l l  t h e  
o r b i t a l  mode. 

The d i r e c t  

Aerodynamic h e a t i n g  t o  t h e  base  i s  expec ted  t o  be o f  a low 
l e v e l .  However, d i f f e r e n c e s  i n  b a s e  h e a t i n g  between modes a r e  
s imi l a r  t o  t h e  d i f f e r e n c e s  i n  fo rebody  h e a t i n g .  The  b a s e  con-  
v e c t i v e  h e a t i n g  i s  tw ice  a s  g r e a t  a t  t h e  lowes t  d i r e c t  e n t r y  
v e l o c i t i e s  a s  a t  o r b i t a l  e n t r y  v e l o c i t i e s .  The c o n v e c t i v e  l i e a t -  
i n g  t o  t h e  b a s e  i n c r e a s e s  a s  e n t r y  v e l o c i t y  i n c r e a s e s  and r a d i -  
a t i v e  h e a t i n g  may be s i g n i f i c a n t  a t  t h e  h i g h e r  d i r e c t  e n t r y  v e l o c -  
i t i e s .  The e s t i m a t e d  h e a t i n g  must be  p r o t e c t e d  a g a i n s t ,  even  
though i t  i s  o f  a low l e v e l .  The l a r g e  d i f f e r e n c e  i n  r e l a t i v e  
magni tudes  o f  b a s e  h e a t i n g  f o r  t h e  o r b i t a l  and d i r e c t  e n t r y  modes 
may r e q u i r e  d i f f e r e n t  forms o f  base  h e a t  p r o t e c t i o n .  

D i r e c t  mode c o n f i g u r a t i o n  i n f l u e n c e :  A simp1 e comparison of: 
t h e  a e r o h e a t i n g  f o r  t h e  60 and 70" cones  can  lie Iiased on t he  no r -  
m a l i z e d  h e a t i n g  d i s t r i b u t i o n s  o f  f i g u r e  C 2  when tlie a e r o s h e l l  d i -  
ame te r  i s  f i x e d .  I t  a p p e a r s  t h a t  t h e  t o t a l  h e a t  load  t o  tlie G O "  
cone i s  g r e a t e r  t h a n  t h a t  t o  t h e  70" cone evc'ii Lor t h i s  compar i -  
son  w i t h  no v o r t i c i t y  i n t e r a c t i o n .  The v o r t i c i t y  i n t e r a c t i o n  
f a c t o r  shown i n  f i g u r e  C 2 8  may be c o n s e r v a t i v e  Lor t h i s  nose 
b l u n t n e s s  r a t i o  b u t  i t  Is c l e a r  t h a t  any  v o r t i c i t y  i n t e r a c t i o n  
r e s u l t s  i n  a d e f i n i t e l y  g r e a t e r  h e a t i n g  l o a d  t o  tlie 60" cone .  
T h i s  s o r t  o f  comparison i s  v a l i d  a t  low d i r e c t  mode v e l o c i t i e s  
where r a d i a t i o n  h e a t i n g  i s  n o t  l a r g e .  R a d i a t i o n  h e a t i n g  t o  t h e  
G O "  cone i s  a lways  l e s s  t han  t o  t h e  70" c o n e ,  and  t h i s  f a c t  cou ld  
become predominant  i n  t h e  compar ison  o f  h e a t i n g  a t  t h e  h i g h e r  
d i r e c t  mode v e l o c i t i e s .  

A e r o s h e l l  s t r u c t u r a l  we igh t  compar i sons  Iiased on t h e  d a t a  o f  
s e c t i o n  3 o f  t h i s  appendix  were made f o r  a I i a I l i s t i c  c o e f f i c i e n t  
o f  0 . 3 5 .  The d i a m e t e r s  o f  t h e  60 and 70" cones  were v a r i e d  so 
t h a t  e n t r y  we igh t  remained ( ' o n s t a n t  ( s c e  t s h u l a t i o n )  . 
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Cone a n g l e ,  deg 70 60 70 60 

Base d i a m e t e r ,  i n .  1 2 0  124 .8  180 187 .2  

A e r o s h e l l  w e i g h t ,  I b  127 119 368 330 

. 

u 

c 

The 60' cone e x h i b i t s  s l i g h t l y  lower  s t r u c t u r a l  w e i g h t s  f o r  g i v e n  
c o n d i t i o n s  t h a n  does  t h e  70' c o n e .  T h i s  w i l l  be compensated f o r  
i n  some d e g r e e  by i n c r e a s e d  b o o s t e r  shroud d i a m e t e r  t o  accommo- 
d a t e  t h e  i n c r e a s e d  60' cone a e r o s h e l l  d i a m e t e r .  

More d e t a i l e d  a n a l y s i s  i s  r e q u i r e d  t o  e s t a b l i s h  t h e  optimum 
a e r o s h e l l  c o n f i g u r a t i o n  f o r  t h e  d i r e c t  mode. T h i s  c u r s o r y  a n a l y -  
s i s  o f  t h e  c o n f i g u r a t i o n  i n f l u e n c e  i n d i c a t e s  t h a t  s i g n i f i c a n t  
d i f f e r e n c e s  do n o t  e x i s t  between t h e  60 and 70" cones  and t h a t  
a v a l i d  m i s s i o n  mode comparison can  be made u s i n g  t h e  70"  h a l f -  
a n g l e  cone .  

A n a l y s i s  Techn iques  

A p o i n t  mass t r a j e c t o r y  w i t h  a c o n s t a n t  b a l l i s t i c  c o e f f i c i e n t  
was used t o  d e t e r m i n e  t h e  t r a j e c t o r y  p a r a m e t e r s  r e q u i r e d  t o  p r e -  
d i c t  t h e  h e a t i n g  envi ronment .  The p e r f e c t  g a s  law and t h e  hydro-  
s t a t i c  e q u a t i o n s  were u s e d  w i t h  t h e  VM a tmosphe r i c  d a t a  t o  d e t e r -  
mine a tmosphe r i c  p r o p e r t i e s  a t  each  c a l c u l a t i o n  p o i n t .  The a tmos-  
p h e r i c  v i s c o s i t y  was c a l c u l a t e d  u s i n g  S u t h e r l a n d ' s  e q u a t i o n  w i t h  
m o d i f i c a t i o n  f o r  a tmosphe r i c  compos i t ion  v a r i a t i o n  a c c o r d i n g  t o  
d a t a  p repa red  by t h e  N a t i o n a l  Bureau of S t a n d a r d s .  

E q u i l i b r i u m  thermodynamic p r o p e r t i e s  were o b t a i n e d  f o r  t h e  
d e s i r e d  a tmosphe r i c  compos i t ions  w i t h  t h e  JPL the rmochemis t ry  and 
normal shock  computer  program ( r e f .  C 4 )  and from c o r r e l a t i o n s  w i t h  
t h e  d a t a  o f  r e f e r e n c e  C 5  f o r  t h e  t r a n s p o r t  p r o p e r t i e s .  The v i s -  
c o s i t y  was c o r r e l a t e d  w i t h  t h e  d a t a  of  r e f e r e n c e s  C6 and C 7 .  I t  
was assumed t h a t  t h e  p r o p e r t i e s  o f  t h e  shock l a y e r  i n  t h e  s t a g n a -  
t i o n  p o i n t  r e g i o n s  were i d e n t i c a l  w i t h  t h e  p r o p e r t i e s  behind  a 
normal ,  e q u i l i b r i u m  shock wave. 

The s t a g n a t i o n  p o i n t  c o n v e c t i v e  h e a t i n g  r a t e  was c a l c u l a t e d  
u s i n g  t h e  d a t a  f o r  v a r i a b l e  g a s  compos i t ion  of Marvin and Pope 
( r e f .  C 8 ) .  I n t e r p o l a t i o n  between t a b u l a r  v a l u e s  was used  t o  o b -  
t a i n  t h e  n e c e s s a r y  c o n s t a n t s  f o r  g a s  m i x t u r e s  n o t  i n c l u d e d  i n  
r e f e r e n c e  C 8 .  
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The s t a g n a t i o n  p o i n t  e q u i l i b r i u m  r a d i a t i o n  h e a t i n g  r a t e  i n -  
c l u d i n g  t h e  e f f e c t  o f  s e l f - a b s o r p t i o n  o f  C0(4+) was d e t e r m i n e d  
u s i n g  e x p e r i m e n t a l  d a t a  and t h e  c o r r e l a t i o n s  o f  r e f e r e n c e s  C9 
t h r u  C13. A combina t ion  o f  t h e  program d e s c r i b e d  i n  r e f e r e n c e  C 4  
and  t h e  t e c h n i q u e s  o f  K i v e l  and R a i l y  ( r e f .  C14) and  F rench  ( r e f .  
C l 5 )  was used  t o  p r e d i c t  t h e  r a d i a t i o n  i n t e n s i t i e s  f o r  a r b i t r a r y  
g a s  mix tu res ,  The d a t a  f o r  VM-8 a r e  p r e s e n t e d  i n  r e f e r e n c e  C 1 3 ,  
w h i l e  d a t a  f o r  VM-4 a n d  VM-7 a r e  p r e s e n t e d  i n  f i g u r e s  C33 and  
C34. 

T h e  nonequ i l ib r ium r a d i a t i o n  h e a t i n g  r a t e  i s  p r e s e n t e d  i n  
f i g u r e  C35 a s  a f u n c t i o n  o f  v e l o c i t y .  T h i s  c u r v e  i s  based  o n  t h e  
e x p e r i m e n t a l  d a t a  and c o r r e l a t i o n s  o f  r e f e r e n c e s  C16 and C17. 
Tlie d a t a  o f  r e f e r c n c c  C17 and  r e c e n t  r e s u l t s  f rom t h e  M a r t i n  Mari- 
e t t a  C o r p o r a t i o n  sliock t i i t ) ( '  i n d i c a t e  t h a t  t h e  CN n o n e q u i l i b r i u m  
r a d i a t i o n  component i s  noL s i g n i l i c a n t  for o r b i t a l  e n t r y .  Tlie 
a s sump t i on wa s niadct tlia t t l i  c' no neqii i 1 i l i r  i u m  r a d  i a  t i o n  s t a r  t e d  a t 
a n  n l t i  t i l d e  rgliere tlie d e i i s i t y  and c>nergy were  s u f f i c i e n t  t o  s u s -  
t a i n  i t .  A p o s s i l ) l c ,  s ig i i i  i i c a n t  s o u r c c '  o L  nonegui1 i l ) r ium r a d i -  
a t i o n  Lor t l i c  o r l i i t  mod(' i s tlie COP v i l i r a t i o n - r o t a t i o n  component.  
Tl i is  i s  disciissccl i n  rc.l-cti-c.nce C 2 ,  IILIL i s  not c o n s i d e r e d  i n  t h i s  
s t u d y  Iicxcausc. i t s  iiiagnitiitlc i s  i i ncc ' r t a in  a n d  i t s  i n c l u s i o n  migh t  
d i s t o r t  tlic s t i i c ly  r-csults.  T l i i  s soiircv 01 r a d i a t i o n  needs  t o  he 
investigated espc'i-inienta I 1  y s o  tlia t iLs inipoi-tance can  he e v a l u -  
a t e d  . 
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The r a d i a t i o n  components a t  t h e  cone e d g e ,  e q u i l i b r i u m ,  non- 
e q u i l i b r i u m ,  and e n t r o p y  l a y e r  r a d i a t i o n ,  were c a l c u l a t e d  i n  a 
manner s imilar  t o  t h e  s t a g n a t i o n  p o i n t  c a l c u l a t i o n s .  The r a d i -  
a t i o n  c a l c u J a t i o n s  i n c l u d e  t h e  e f f e c t  o f  s e l f - a b s o r p t i o n  o f  
C0(4+) when a p p l i c a b l e .  

The e f f e c t  o f  v o r t i c i t y  i n t e r a c t i o n  on t h e  edge c o n v e c t i v e  
h e a t i n g  r a t e  was i n c l u d e d  f & r  t h e  60" h a l f - a n g l e  cone because  t h e  
t u r b u l e n t  boundary l a y e r  t h i c k n e s s  becomes a s i g n i f i c a n t  p a r t  o f  
t h e  e n t r o p y  l a y e r  t h i c k n e s s .  C a l c u l a t i o n s  i n d i c a t e  thaL t h e  t u r -  
b u l e n t  boundary l a y e r  th ic l ;ness  can  be  o n e - t e n t h  t o  o n e - h a l f  of- 
t h e  e n t r o p y  l a y e r  t h i c k n e s s .  A c o n s e r v a t i v e  approach  was assumed 
f o r  t h e  v o r t i c i t y  i n t e r a c t i o n  e f f e c t .  The approach  was Lo d c t c r -  
mine t h e  s h a r p  cone s o l u t i o n  and use i t  a s  a l i m i t i n g  c a s e .  The 
problem o f  v o r t i c i t y  i n t e r a c t i o n  does  n o t  e x i s t  f o r  a 70" h a l f -  
a n g l e  cone because  t h e  e n t i r e  shock l a y e r  i s  a n  e n t r o p y  l a y e r .  
A p p r o p r i a t e  f a c t o r s  were de termined  f o r  t h e  60" h a l f - a n g l e  cone 
a s  a f u n c t i o n  of v e l o c i t y  i n  t h e  r e g i o n  o f  i n t e r e s t .  

The c o n v e c t i v e  b a s e  h e a t i n g  r a t e  was e s t i m a t e d  to I)e 2 %  U T  
t h e  s t a g n a t i o n  p o i n t  v a l u e  f o r  t h e  c o n f i g u r a t i o n  UL L l i i s  s t u d y .  
T h i s  f i g u r e  was based on d a t a  c o r r e l a t i o n  o f  reCcrcxnces C 2 2  L ~ I L - U  

C24 and p r e l i m i n a r y  d a t a  from t h e  M a r t i n  M a r i e t t a  C o r p o r a t i o n  
h o t - s h o t  wind t u n n e l .  R a d i a t i o n  h e a t i n g  t o  t h e  bast was c.s t imatcd 
o n  t h e  b a s i s  of t h e  e x p e r i m e n t a l  d a t a  of  r e f e r e n c c ,  C 2 5 .  
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2 .  HEAT SHIELD 

A b l a t o r  Material  S e l e c t i o n  and Design Cr i t e r i a  

rr 
F o r  t h i s  s t u d y ,  t h e  a e r o s h e l l  h a s  been  c o n s i d e r e d  t o  be p r o -  

t e c t e d  from t h e  e n t r y  environment  w i t h  an  a b l a t i v e  h e a t  s h i e l d  
system. I t  i s  p o s s i b l e  t h a t  i n  an a c t u a l  d e s i g n ,  l o c a l  areas  
would u s e  n o n a b l a t i v e  m a t e r i a l s  o r  s p e c i a l  ma te r i a l s  f o r m u l a t e d  
f o r  s p e c i f i c  a p p l i c a t i o n s  such  a s  a n t e n n a  windows o r  i n s t r u m e n t a -  
t i o n  p o r t s .  These l o c a l  a r e a s  w i l l  have  l i t t l e  e f f e c t  on t h e  
t o t a l  sys t em w e i g h t  and ,  t h e r e f o r e ,  have  been o m i t t e d  i n  t h i s  
s t u d y .  The b a s i c  a b l a t i v e  material  c o n s i d e r e d  i s  t h e  SLA-561 
l o w - d e n s i t y  c o r k ,  e l a s t o m e r i c  s i l i c o n e - b a s e d  m a t e r i a l .  T h i s  
material  h a s  been unde r  development by M a r t i n  Marietta ove r  t h e  
p a s t  t h r e e  y e a r s  and i s  f o r m u l a t e d  s p e c i f i c a l l y  f o r  t h e  Mars 
m i s s i o n .  The ma te r i a l  r e t a i n s  i t s  e l a s t o m e r i c  p r o p e r t i e s  t o  -150°F 
and ,  t h e r e f o r e ,  min imizes  c o l d  soak  and o t h e r  t h e r m a l  s t r a i n s .  
It  can be molded d i r e c t l y  ove r  and bonded t o  l a r g e  a r e o s h e l l s  and ,  
t h u s ,  p r e s e n t s  no  ma jo r  f a b r i c a t i o n  problems o r  s t r a i n  i n c o m p a t i -  
b i l i t i e s  i n  confo rming  t o  t h e  s u b s t r u c t u r e .  Material  samples  have 
been exposed t o  s t e r i l i z a t i o n  c y c l e s  and vacuum w i t h o u t  any  a p p a r -  
e n t  d e g r a d a t i o n .  T h i s  m a t e r i a l  i s  e f f i c i e n t  t h e r m a l l y ,  a p p r o x i -  
m a t i n g  t h e  performance of c o r k b o a r d ,  b u t  p o s s e s s e s  a much s t r o n g e r  
and t e n a c i o u s  c h a r  l a y e r  t han  c o r k .  The development  and  pe r fo rm-  
ance  of t h i s  m a t e r i a l  i s  documented i n  r e f e r e n c e  C 2 7 .  

The SLA-561 h a s  been t e s t e d  i n  t h e  plasma arc  e x t e n s i v e l y  up 
t o  h e a t i n g  r a t e s  of 100 B t u / f t 2  s e c ,  which i s  w e l l  beyond t h e  
r e q u i r e m e n t s  f o r  o u t - o f - o r b i t  e n t r i e s  and  c o v e r s  most  of t h e  d i -  
r e c t  e n t r y  c a s e s .  The r e c e s s i o n  mechanism i s  p r i m a r i l y  by m e l t -  
i n g  and v a p o r i z a t i o n  and i n c r e a s e s  q u i t e  r a p i d l y  a t  h e a t i n g  r a t e s  
g r e a t e r  t han  100 R t u / f t 2  s e c .  T h e r e f o r e ,  f o r  t h i s  s t u d y ,  t h e  u s e  
of t h e  SLA-561 ma te r i a l  was l i m i t e d  t o  r e g i o n s  w i t h  h e a t i n g  r a t e s  
less  than  100 B t u / f t *  sec .  This  l i m i t a t i o n  was imposed a t  t h i s  
t i m e  p r i m a r i l y  because  of l a c k  of e x p e r i m e n t a l  d a t a  a t  h i g h e r  
h e a t i n g  r a t e s  and an  adequa te  a n a l y t i c a l  model a t  h i g h e r  h e a t i n g  
ra tes .  The t h e r m a l  p r o p e r t i e s  of SLA-561 a r e  l i s t e d  i n  t a b l e  C1. 

High h e a t i n g  r a t e s  r e s u l t  from t h e  t u r b u l e n t  f l ow on t h e  a f t  
r e g i o n s  of a e r o s h e l l  f o r  t h e  d i r e c t  e n t r y  mode. I n  t h e s e  r e g i o n s ,  
where t h e  h e a t i n g  r a t e  exceeds 100 B t u / f t ’  s e c ,  t h e  ESA-5500N 
n a t e r i a l  was u s e d .  T h i s  ma te r i a l  i s  a m o d i f i c a t i o n  o f  t h e  l e a d -  
i n g  edge m a t e r i a l  u sed  on t h e  P r e c i s i o n  Recovery I n c l u d i n g  Planec- 
v e r i n g  E n t r y  (PRIME) l i f t i n g  body f l i g h t  t e s t  v e h i c l e  and i s  c u r -  
r e n t l y  b e i n g  s t u d i e d  For t h e  h i g h - h e a t i n g  r a t e ,  h i g h - s h e a r  e n v i r o n -  
ment a s s o c i a t e d  w i t h  Venus e n t r y .  Th i s  ma te r i a l  h a s  been tormu- 
l a t e d  f o r  s h e a r  l e v e l s  a p p r o x i m a t e l y  20 t imes  t h e  Mars c o n d i t i o n s .  
I t s  the rma l  p r o p e r t i e s  a r e  g i v e n  i n  t a b l e  C2. 
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TABLE C1.- MATERIAL PROPERTIES OF SLA-561 

Ab l a t o r  m a t e r i a l  c o n d u c t i v i t y ,  B t u f i n .  -sec - O R  

A = 0 ( c h a r )  A = 0 . 7 5  

1 . 5  x a t  OoR 0 . 8  x lom6 a t  OoR 
1 . 5  x a t  1500"R 0 .8  x 10-6 a t  1500"R 
4 . 0  x a t  2400°F 2 . 3  x a t  2400"R 

A = 1 .0  ( v i r g i n  p l a s t i c )  

0 . 6 9 5  x a t  0"R 
0 . 6 9 5  x a t  560°R 
0 . 7  x 10-6 a t  3200"R 

( L i n e a r  i n t e r p o l a t i o n  between lambda and t e m p e r a t u r e  p o i n t s )  

P y r o l y s i s  gas s p e c i f i c  h e a t :  0 . 6 0  B t u / l b - " F  ( c o n s t a n t  w i t h  

Char d e n s i t y :  8 . 2 5  l b / c u  f t  

V i r g i n  m a t e r i a l  d e n s i t y :  14.7 l b / c u  f t  

V i r g i n  m a t e r i a l  s p e c i f i c  h e a t :  0 . 3 0  B t u / l b - " F  

V i r g i n  m a t e r i a l  h e a t  of p y r o l -  

r 
t e m p e r a t u r e )  

ys  i s  0 

P y r o l y s i s  k i n e t i c  c o n s t a n t s :  

-BIT 
G = Ae 

A = 2 . 7 8  x ( s t i c ) - l  

B = 34 200 (OR) I 
R e a c t i o n  o r d e r  

Char e m i s s i v i t y :  

n = 3.0 

0 . 7 0  a t  O"R 

0 . 7 5  a t  2000°K 

0 . 9 2  a t  2500°K 

0 . 9 5  a t  3500°K 

0 . 9 5  a t  10 000"R 

I 

( L i n e a r  i n t e r p o l a t i o n  between p o i n t s )  

Char spec  i f  i c  h e a t  : 0 .37  B t u / l b - " F  
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TABLE C 2 .  - MATERIAL PROPERTIES OF ESA-5500M 

A b l a t o r  m a t e r i a l  c o n d u c t i v i t y ,  B t u /  i n ,  - s ec  - O R  

A = 1.0 ( v i r p i n  p l a s t i c )  h = 0 ( c h a r )  

3 .0  x a t  O O R  5 . 0  x a t  OoR 
3 .0  x a t  825"R 5 . 0  x a t  450"R 
2 . 5  x a t  1050OR 10.0 x a t  3500"R 
2 . 5  x lo-" a t  5100"R 10.0 x a t  5500'R 

( L i n e a r  i n t e r p o l a t i o n  between lambda and t e m p e r a t u r e  p o i n t s )  

P y r o l y s i s  gas  s p e c i f i c  h e a t :  

Char d e n s i t y :  

V i r g i n  m a t e r i a l  d e n s i t y :  

V i r g i n  m a t e r i a l  s p e c i f i c  h e a t :  

V i r g i n  m a t e r i a l  h e a t  of p y r o l -  
y s i s  : 

P y r o l y s i s  k i n e t i c  c o n s t a n t s :  

Preexponen t i a  1 cons  tan t 

A c t i v a t i o n  ene rgy  

R e a c t i o n  o r d e r  

Char e m i s s i v i t y :  

Char s p e c i f i c  h e a t :  

0 .60 B t u / l b - " F  ( c o n s t a n t  w i t h  
t e m p e r a t u r e )  

30.9 l b / c u  f t  

58.0 l b / c u  f t  

0 .20  t o  0 .30  B t u / l b - " F  

0 

A = 2 . 7 8  x 10-l' ( s e c ) - '  

B = 34 200 (OR) 

n = 3 .0  

0 . 8 5  a t  0"R 

0 . 8 5  a t  3000"R 

0 . 9 0  a t  3500"R 

0 .90  a t  5500"R 

0 . 2 5  t o  0 . 3 5  B t u / l b - " F  
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For  t h e  i n f l a t a b l e  airmat a f t e r b o d y  d e s i g n ,  a f l e x i b l e  a b l a -  
t i v e  m a t e r i a l  i s  r e q u i r e d .  T h i s  mater ia l  must  b e  c a p a b l e  of b e i n g  
bonded t o  t h e  a i rmat  and  f o l d e d  f o r  t r a n s i t  t o  Mars. I n  a d d i t i o n ,  
because  of  t h e  p o s s i b l e  d i s c o n t i n u i t y  from t h e  s t r a i g h t  c o n i c a l  
a e r o s h e l l  t o  a bulged  a i rmat  s e c t i o n ,  t r a n s i t i o n  t o  t u r b u l e n t  f l o w  
h a s  been assumed. T h e r e f o r e ,  t h e  f l e x i b l e  a b l a t o r  s h o u l d  b e  c a p a -  
b l e  of  r e l a t i v e l y  h i g h  h e a t i n g  r a t e s .  I n  t h i s  s t u d y ,  t h e  PPA-1078 
foamed e l a s t o m e r i c  s i l i c o n e - b a s e d  m a t e r i a l  was s e l e c t e d ,  T h i s  
m a t e r i a l  was i n i t i a l l y  under  development  f o r  d i r e c t  e n t r y  Mars 
m i s s i o n s  b e f o r e  t h e  development  of t h e  SLA-561 f o r  t h e  o u t - o f -  
o r b i t  l ande r  c o n f i g u r a t i o n .  Development i n f o r m a t i o n  f o r  t h e  PPA- 
1078 m a t e r i a l  i s  documented i n  r e f e r e n c e  C 2 8 .  A d d i t i o n a l  deve lop -  
ment and t e s t s  a r e  r e q u i r e d  t o  o b t a i n  n e a r  optimum m a t e r i a l  f o r  
t h i s  a p p l i c a t i o n  and t o  v e r i f y  t h e  c a p a b i l i t y  of t h e  ma te r i a l  t o  
w i t h s t a n d  t h e  long- t e rm s p a c e  exposure  i n  t h e  f o l d e d  c o n f i g u r a t i o n .  
The thermal  p r o p e r t i e s  of PPA-1078 used i n  t h e s e  a n a l y s e s  a r e  
g iven  i n  t a b l e  C 3 .  

The d e s i g n  c r i t e r i a  adop ted  f o r  t h e  h e a t  s h i e l d  s t u d i e s  r e -  
f l e c t  thc,  r e l a t i v e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  v a r i o u s  
h c % a t i n g  components .  For  t h e  c o n v e c t i v e  h e a t i n g  r a t e s ,  a 1 .5  
f a c t o r  of s a f e t y  has  been used ,  which i s  based  on p a s t  e v a l u a t i o n s  
oL t h e  degree  of c o n f i d c n c c  of  c o n v e c t i v e  h e a t i n g  a n a l y s e s .  A 
f a c t o r  of safcsty of 3 . 0  h a s  been a p p l i e d  t o  t h e  n o n e q u i l i b r i u m  
bow shock r a d i a t i o n  becsusc  i t  i s  t h e  most  u n c e r t a i n  h e a t i n g  
componcnt dut, t o  a l ack  o f  e x p e r i m e n t a l  d a t a  f o r  c o r r e s p o n d i n g  
gas  m i x t u r e s  a n d  v c ' l o c i t i e s .  Thc, e q u i l i b r i u m  r a d i a t i o n  a n a l y s i s  
i s  c o n s i d e r e d  more c e r t a i n  and  has  been a s s i g n e d  an u n c e r t a i n t y  
f a c t o r  o f  s a f e t y  of 2 . 0 .  

Thcse f a c t o r s  of s a f e t y  w e r e  a p p l i e d  t o  t h e  c a l c u l a t e d  h e a t -  
i n g  ra tc ' s  f o r  t h e  v a r i o u s  t r a j e c t o r i e s  c o n s i d e r e d  and  an  a b l a t i o n  
a n a l y s c s  (T-CAP) used t o  d e t e r m i n e  t h e  r e q u i r e d  h e a t  s h i e l d  t h i c k -  
ness. F o r  the p a r a m e t r i c  s t u d y  where many d e s i g n  c o n d i t i o n s  were 
cons  idc.rcd,  t h e  r e q u i r e d  t h i c k n e s s e s  were based  on a 400°F peak 
b o n d  l i n e  Lemperature  a t  anyt ime up t o  l a n d e r  s e p a r a t i o n .  How- 
L ' V C L - ,  Ior  thcl p o i n t  d e s i g n  s t u d i e s ,  a more e x p l i c i t  c r i t e r i o n  
was u s e d ,  which c o n s i s t e d  of l i m i t i n g  t h e  bond l i n e  t e m p e r a t u r e  
t o  300°F maximum a t  t ime of peak dynamic p r e s s u r e  o r  600°F any-  
t i m e  u p  t o  l a n d e r  s e p a r a t i o n .  Th i s  i s  somewhat less c o n s e r v a t i v e  
than  t h c ,  400°F peak t empera tu re  a t  a n y t i m e ;  however ,  i t  i s  con-  
s i s t c n t  w i t h  s t r u c t u r a l  d e s i g n  c r i t e r i a .  
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TABLE C3, - MATERIAL PROPERTIES OF PPA-1078 

A b l a t o r  ma te r i a l  conduc t i v i  t y  , B t u /  i n ,  -sec - O R  

h = 1 , 0  ( v i r g i n  p l a s t i c )  A = 0 ( c h a r )  

1 . 5  x lom6 a t  O o R  2 . 5  x l om6  a t  O O R  

1 . 5  x a t  825'R 2 . 5  x a t  1450 O R  

1 . 2 5  x a t  1050 O R  5 . 0  x los6 a t  3500'R 
1 . 2 5  x lom6 a t  5100"R 5 . 0  x a t  5500°R 

( L i n e a r  i n t e r p o l a t i o n  between lambda and  t e m p e r a t u r e  p o i n t s )  

P y r o l y s i s  gas  s p e c i f i c  h e a t :  0 .60 Btu/ lb-OF ( c o n s t a n t  w i t h  
t e m p e r a t u r e )  

Char d e n s i t y :  15.0 l b / c u  f t  

V i r g i n  ma te r i a l  d e n s i t y :  50.0 l b / c u  f t  

V i r g i n  m a t e r i a l  s p e c i f i c  h e a t :  0 .20  t o  0 . 3 0  B t u / l b - " F  

V i r g i n  m a t e r i a l  h e a t  of p y r o l -  
y s i s  : 0 

P y r o l y s i s  k i n e t i c  c o n s t a n t s  : 

P r e e x p o n e n t i a l  c o n s t a n t  

A c t i v a t i o n  e n e r g y  B = 34 200 ( O R )  

A = 2 . 7 8  x 10-l' ( s e c ) - '  

R e a c t i o n  o r d e r  

Char e m i s s i v i t y :  

n = 3 . 0  

0 . 8 5  a t  0"R 

0 . 8 5  a t  3000"R 

0 . 9 0  a t  3500"R 

0 . 9 0  a t  5500"R 

Char s p e c i f i c  h e a t :  0 . 2 5  t o  0 . 3 5  B t u / l b - " F  
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A b l a t i o n  A n a l y s i s  Method 
' f  

The T-CAP III T r a n s i e n t  C h a r r i n g  A b l a t o r  Program was used t o  
c o n d u c t  the a b l a t i o n  a n a l y s e s  f o r  t h i s  s t u d y .  The a n a l y t i c a l  
model employed i n  t h i s  program i n c l u d e s  up t o  f i v e  ma te r i a l  phases  
-- v i r g i n  p l a s t i c ,  t h e  p y r o l y s i s  zone,  c h a r ,  p y r o l y s i s  v a p o r ,  and 
a v i s c o u s  mel t  l a y e r .  H i s t o r i e s  of t h e  a e r o t h e r m a l  and aeromechan- 
i c a l  environment  a r e  d e s c r i b e d  by c u r v e s  of c o n v e c t i v e  and r a d i a -  
t i v e  h e a t i n g  r a t e s  and v i s c o u s  s h e a r  s t r e s s  and  p r e s s u r e  g r a d i e n t s .  
The h e a t  b a l a n c e  a t  t h e  s u r f a c e  c o n s i s t s  of c o n v e c t i v e  and r a d i a -  
t i v e  h e a t  i n p u t s  c o n d u c t i o n  i n t o  t h e  a b l a t i v e  l a y e r ,  c o n v e c t i v e  
h e a t  b lockage  due t o  mass i n j e c t i o n  i n t o  t h e  boundary l a y e r ,  r e -  
r a d i a t i o n  from t h e  s u r f a c e ,  and s u r f a c e  c h e m i c a l  r e a c t i o n s .  Ma- 
t e r i a l  removal due t o  he t e rogeneous  s u r f a c e  r e a c t i o n s ,  v a p o r i z a -  
t i o n ,  s u b l i m a t i o n  and mechan ica l  e r o s i o n ,  and v i s c o u s  m e l t  f low 
are  computed where a p p l i c a b l e .  I n t e r n a l l y ,  t h e  h e a t  a b s o r b e d  by 
t h e  p y r o l y s i s  v a p o r s  as  t h e y  f low th rough  t h e  c h a r  and t h e  h e a t  
a b s o r b e d  o r  produced d u r i n g  p y r o l y s i s  a r e  i n c l u d e d  w i t h  t h e  normal 
h e a t  c o n d u c t i o n  and  s t o r a g e  t e r m s .  The i n t e r n a l  d e g r a d a t i o n ,  i . e . ,  
p y r o l y s i s  zone,  i s  computed w i t h  an  A r r h e n i u s  r a t e  f u n c t i o n  w i t h  
k i n e t i c s  d e r i v e d  from Thermogravimetr ic  A n a l y s i s  (TGA) and plasma- 
a r c  d a t a .  The t h e r m a l  r e s p o n s e  of i n t e r n a l  i n s u l a t i o n  and s t r u c -  
t u r e  c a n  be i n c l u d e d  as  r e q u i r e d  f o r  b o t h  one and  two d i m e n s i o n a l  
h e a t  f l o w .  The f o l l o w i n g  a r e  t h e  e q u a t i o n s  programed f o r  f i n i t e  
d i f f e r e n c e  s o l u t i o n  f o r  a r b i t r a r y  i n p u t s  o f  ma te r i a l  p r o p e r t i e s  
and t i m e  dependent  s u r f a c e  env i ronmen t s  : 

1) S u r f a c e  h e a t  b a l a n c e ,  

6 ( c o n d u c t i o n )  = ;I ( c o n v e c t i v e )  + 4 ( r a d i a t i o n )  

t 4 ( c h e m i c a l )  - ;I ( r e r a d i a t i o n )  

dT 
k -  dx = pepeCH (Hr - Hw) -t G r  + rri c r  bH - - t T 4  W 

s u r f a c e  

where 

k = a b l a t o r  t he rma l  c o n d u c t i v i t y  

pepeCH = n e t  h e a t  t r a n s f e r  c o e f f i c i e n t  

H = r e c o v e r y  e n t h a l p y  

;Ir = r a d i a t i o n  h e a t i n g  r a t e  

i = mass lo s s  r a t e  of s u r f a c e  m a t e r i a l  

r 

C 

NI = h e a t  of r e a c t i o n  
r 
LJ = Stephan-Boltzmann c o n s t a n t  

t = e m i s s i v i t y  

T = s u r f a c e  t e m p e r a t u r e  ; 
W 
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1 

c 

2 )  A b l a t i v e  l aye r  h e a t  b a l a n c e ,  

4 ( s t o r e d )  - 4 ( c o n d u c t i o n )  - 4 ( t r a n s p i r a t i o n )  

4 ( p y r o l y s i s )  

where 

p (x )  = a b l a t o r  d e n s i t y  a t  x 

c = a b l a t o r  s p e c i f i c  h e a t  

ri7 = p y r o l y s i s  vapor  mass f low a t  x 
P 
V 

c = vapor s p e c i f i c  h e a t  
pg 

pvP 

f = v o l a t i l e  f r a c t i o n  of a b l a t o r  

= a b l a t o r  v i r g i n  d e n s i t y  

L = h e a t  o f  p y r o l y s i s  
P 

h ( x )  = nondimensional  d e n s i t y .  

In  t h e  a b l a t i v e  l a y e r ,  t h e  d e g r e e  of ma te r i a l  d e g r a d a t i o n  i s  
d e s c r i b e d  by a nondimensional  d e n s i t y  A which i s  d e f i n e d  as  t h e  
we igh t  f r a c t i o n  t h a t  t h e  p y r o l y s i s  r e a c t i o n  has  t o  go t o  comple- 
t i o n .  The r a t e  a t  which the m a t e r i a l  p y r o l y s e s  i s  a f u n c t i o n  of 
and t h e  r e a c t i o n  k i n e t i c s .  Thus ; 

- a h  a t  = -krAn 

where 

-(x) - pchar  
p - pchar  A = Y  

VP 
-BIT  

k = A e  

A,B = A r r h e n i u s  r a t e  c o n s t a n t s  

n = r e a c t i o n  o r d e r .  

The material  r e a c t i o n  k i n e t i c s  and t h e  o r d e r  of r e a c t i o n  a r e  
o b t a i n e d  f o r  a p a r t i c u l a r  ma te r i a l  by TGA. The a b l a t o r  d e n s i t y  
a t  any p o i n t  and a t  a n y  t i m e  i s  g i v e n  by 

p ( x , t )  = p ( x , t )  ( evp  - pcha r )  + pchar  
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w h i l e  t h e  mass f l u x  i s  g i v e n  by 
x -  - d h dx 

B t  i-ri ( x , t >  = - fPvp 
V 

0 

where a p p l i c a b l e  m a t e r i a l  p r o p e r t i e s  u sed  i n  t h e  T - C A P  I11 program 
a r e  t aken  a s  t empera tu re -dependen t .  I n  a d d i t i o n ,  t he rma l  conduc-  
t i v i t y  a n d  s p e c i f i c  h e a t  a r e  a l s o  t aken  as f u n c t i o n s  of d e n s i t y  
t o  accoun t  f o r  changes  through t h e  p y r o l y s i s  and  c h a r  z o n e s .  

Su r face  r e c e s s i o n .  - The mechanisms t h a t  c o n t r o l  s u r f a c e  re -  
c e s s i o n  a r e  f u n c t i o n s  of t h e  a b l a t i v e  m a t e r i a l  s u r f a c e  compos i t ion  
and boundary l a y e r  gas  chemica l  compos i t ion .  I n  t h e  T-CAP 111 
computer  program, s e v e r a l  o p t i o n a l  methods of comput ing  s u r f a c e  
recession a r e  used .  The p a r t i c u l a r  method s e l e c t e d  depends on 
t h c  type's o f  s u r f a c e  r e c e s s i o n ,  e . g . ,  m e l t i n g  o r  b u r n i n g .  

Thermochemical r e c e s s i o n .  - The thermochemica l  r e a c t i o n s  t h a t  
must  be c o n s i d e r e d  f o r  Mars a tmosphe res  a r e  c a r b o n  r e a c t i o n s  w i t h  
c a r b o n  d i o x i d e  and n i t r o g e n  and  ca rbon  s u b l i m a t i o n  f o r  g r a p h i t i c  
ma te r i a l s  ( e . g . ,  ESA-5500Pl and  PPA-1078) and v a p o r i z a t i o n  f o r  
s i l i c c o u s  m a t e r i a l s  ( e . g . ,  S L A - 5 6 1 ) .  Thc h e a t i n g  r a t e s  t y p i c a l  
o f  Mars e n t i r e s ,  b e i n g  r e l a t i v e l y  modera t e ,  do n o t  produce  temper-  
a t u r e s  s u t f i c i e n t  t o  i n i t i a t e  n i t r o g e n  r e a c t i o n s  o r  s u b l i m a t i o n  
i i i  ca rbonaceous  m a t e r i a l s ,  and ,  i n  g e n e r a l ,  gas  phase  d i s s o c i a -  
t i o n  of t h c  CO, i s  un impor t an t  a s  i t  a f f e c t s  s u r f a c e  r e c e s s i o n .  
llius, t h c  dominant r e a c t i o n  t o  be c o n s i d e r e d  i s  t h e  C-CO, r e a c t i o n .  
Thc r a t e  a t  which t h i s  r e a c t i o n  o c c u r s  depends on b o t h  t h e  r e a c t i v -  
it-). oi tht-  m a t e r i a l  and  t h e  r a t e  a t  which CO, i s  made a v a i l a b l e  t o  
L h c .  s ~ i r f a c e ,  and  t h e  d e g r e e  of c h a r a c t e r i z a t i o n  of  t h e  m a t e r i a l s  
t h ~  rn iochmica l  and  thermomechanical  r e s p o n s e  t o  t h e  p r e d i c a t e d  
c * n v i  r o n m c z n t .  

r >  

A n  ,Arrhi .nius  ratC e q u a t i o n  i s  used  t o  r e p r e s e n t  t h i s  r e a c t i o n  
a n d ,  i n  t c r i n s  of mass loss of  m a t e r i a l ,  i s  e x p r e s s e d  a s  

'l'liis e x p r e s s i o n  shows t h a t ,  a t  c o n s t a n t  c a r b o n  d i o x i d e  p r e s s u r e ,  
LIS tcmpc>rature  i n c r e a s e s ,  t h e  rc'ac t i o n  r a t e  r i s e s  e x p o n e n t i a l l y .  
I k w c ~ v i ~ r ,  an incrc ' isc,  i n  rcsac t i o n  r a t c s  m u s t  n e c e s s a r i l y  be accom- 
1 ) ; i i i i c . d  h y  an ii1crcasc.d f l u x  of  r e a c t i o n  p r o d u c t s  from t h e  s u r f a c e .  
R C ~ C ~ L I S O  r c w l v a l  o f  t he  r e a c t i o n  p r o d u c t s  f rom t h e  s u r f a c e  i s  a c -  
conlI>l is1ic.d ;It il f i i i i t i x  r a t c  b y  c o n v e c t i o n  and  d i f f u s i o n ,  any  i n -  
C I ' C ' ~ ~ S C '  i n  illass loss r a t c  d ~ c ,  t o  a t empera tu re  i n c r e a s e  must  r e s u l t  
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i n  a d e c r e a s e  i n  t h e  r e a c t a n t  a v a i l a b i l i t y  a t  t h e  r e a c t i n g  s u r f a c e .  
T h e r e f o r e ,  P a l s o  depends on t h e  boundary  l a y e r  mass t r a n s f e r  

mechanisms. Assuming t h a t  t h e  o n l y  h e t e r o g e n e o u s  r e a c t i o n s  t a k i n g  
p l a c e  are  o x i d a t i v e  and  t h a t  ca rbon  monoxide i s  t h e  o n l y  r e a c t i o n  
p r o d u c t ,  i t  c a n  be  shown t h a t  t h e  c a r b o n  mass f l o w  i s  r e l a t e d  t o  
t h e  mass f r a c t i o n  of CO, ( a t  t h e  w a l l  and  boundary  l a y e r  edge)  and  
t h e  boundary  l a y e r  mass t r a n s f e r  c o e f f i c i e n t  i s  as  i n d i c a t e d  i n  

corn 

Equa t ions  ( C 6 )  and (C7)  a r e  i ndependen t  e q u a t i o n s  w i t h  t h e  
unknowns of s u r f a c e  mass f low and q u a n t i t y  of  a v a i l a b l e  CO,. 

and rh These e q u a t i o n s  a r e  s o l v e d  s i m u l t a n e o u s l y  f o r  

and ,  t h u s ,  a c c o u n t  f o r  bo th  t h e  s o - c a l l e d  r a t e  l i m i t e d  and d i f -  
f u s i o n  l i m i t e d  r eg imes .  

Kcom C 

A t  h i g h e r  t empera tu res  where s u b l i m i n a t i o n  and  n i t r o g e n  re-  
a c t i o n s  a r e  predominant  and v a p o r i z a t i o n  of s i l i c e o u s  m a t e r i a l s  
i s  s i g n i f i c a n t ,  thermochemical  e q u i l i b r i u m  between t h e  c h a r  and  
boundary l a y e r  s p e c i e s  i s  assumed w i t h  s u r f a c e  r e c e s s i o n  b e i n g  
c o n t r o l l e d  by d i f f u s i o n  i n  t h e  boundary  l a y e r .  In t h i s  case,  
t h e  n e t  f l u x  of each  e lement  i s  g iven  by  e q u a t i o n  (C8). 

These e q u a t i o n s ,  coup led  w i t h  a g e n e r a l  chemica l  e q u i l i b r i u m  r e -  
qu i r emen t  a t  t h e  s u r f a c e ,  a r e  s o l v e d  f o r  t h e  mass t r a n s f e r  and  
s u r f a c e  r e c e s s i o n .  

Mechanica l  e r o s i o n .  - Mechanica l  s u r f a c e  s h e a r  i s  s i g n i f i c a n t  
o n l y  f o r  t h e  m e l t i n g  a b l a t i v e  m a t e r i a l s  i n  t h a t  i t  c o n t r o l s  t h e  
m e l t  f l ow.  

The a n a l y s i s  f o r  m a t e r i a l s  t h a t  form a v i s c o u s  m e l t  l a y e r  u s e  
t h e  f o l l o w i n g  e q u a t i o n s  t o  compute s u r f a c e  r e c e s s i o n  r a t e s  assum- 
i n g  a cont inuum m e l t  f low: 

r f low =li k (uR) dx 
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where 

t a n g e n t i a l  v e l o c i t y  

dy + (2 - pg sin 0 ) p  u d x  

aerodynamic s h e a r  s t r e s s  

l o c a l  p r e s s u r e  g r a d i e n t  

m e l t  v i s c o s i t y  

l o c a l  body r a d i u s .  

P a r a m e t r i c  s t u d y .  - P a r a m e t r i c  h e a t  s h i e l d  t h i c k n e s s  d a t a  and 
m a t e r i a l  s e l e c t i o n s  f o r  t h e  o u t - o f - o r b i t  and d i r e c t  modes have 
been o b t a i n e d  f o r  a r e f e r e n c e  a e r o s h e l l  c o n f i g u r a t i o n  of 70" h a l f -  
a n g l e  cone  w i t h  a b l u n t n e s s  r a t i o  of and a 0 . 0 3 0 - i n .  

aluminum s t r u c t u r e .  The d a t a  encompass t h e  f o l l o w i n g  r a n g e  of 
e n t r y  c o n d i t i o n s  - -  e n t r y  a n g l e s  (y ) from 3ir above s k i p o u t  bound- 

a r y  t o  20" f o r  o u t  of o r b i t ,  and 38" f o r  d i r e c t  iiiode, b a l l i s t i c  
c o e f f i c i e n t  (6) from 0 . 1  t o  0.6 s l u g s / f t ' ,  and a e r o s h e i l  base  
d i a m e t e r s  of 6 ,  15, and 30 f t .  The s t u d y  c o n s i d e r e d  nominal  e n t r y  
v e l o c i t i e s  of 15 000 f p s  f o r  t h e  o r b i t  c a s e  and 2 1  000 f p s  f o r  
t h e  d i r e c t  mode. The e f f e c t  of v e l o c i t y  v a r i a t i o n s  of 2 1  000 f p s  
was e v a l u a t e d  f o r  t h e  o r b i t a l  c a s e  and w a s  found t o  hsvc o n l y  a 
small e f f e c t  on t h e  h e a t  s h i e l d  t h i c k n e s s e s .  T h i s  i s  shown i n  
f i g u r e s  C37 and C40. V e l o c i t y  v a r i a t i o n s  f o r  the d i r e c t  e n t r y  
mode a r e  more s i g n i f i c a n t  because  of t h e  d i r e c t  i n f l u i n c e  on t h e  
shock l a y e r  r a d i a t i o n  l e v e l s .  

RN/RB = 0.5 

A b l a t o r  t h i c k n e s s e s  f o r  t h r e e  a e r o s h e l l  d i a r n c ~ t t ~ r s ,  f o r  t h e  
s t a g n a t i o n  r e g i o n  and f o r  t h e  cone  edge ,  and  f o r  t h i  d i r e c t  and  
t h e  o u t - o f - o r b i t  c a s e s  are  p r e s e n t e d  i n  f i g u r e s  C 3 6  t h r u  C47. 
D i s c o n t i n u i t i e s  a p p e a r  i n  t h e  d i r e c t  e n t r y  c u r v c s .  T h i 5  i s  
c a u s e d  by t h e  s w i t c h  from SLA-561 t o  ESA-5500M at J. hc.at ing r a t e  
of 100 B t u / f t z  sec f o r  t h e  VM-4 a tmosphere .  A l though  t h e  VM-4 
a tmosphere  h i g h e r  h e a t i n g  r a t e  d e f i n e s  t h i s  m a t c s r i a l  t r a n h i t i o n ,  
t h e  h i g h e r  t o t a l  h e a t  VM-7 a tmosphere  d e t e r m i n e s  t h e  t h i c k n e s s  
r e q u i r e m e n t .  Thus t h e  m a t e r i a l  s w i t c h  i s  d e f i n e d  by VN-4 b u t  
t h e  t h i c k n e s s e s  a r e  s e t  i n  e i t h e r  case by Wl-7 .  In  f i g u r e s  C46 
and  C47, two d i s c o n t i n u i t i e s  a p p e a r .  The second  d i s c o n t i n u i t y  
i s  c a u s e d  by the t r a n s i t i o n  t o  t u r b u l e n t  f low f a r  t h e  Vbl-7 atmos- 
p h e r e .  Because t h e  a b l a t o r  t h i c k n e s s e s  a r e  c a l c u l s t c , d  f o r  o n l y  
t h e  s t a g n a t i o n  p o i n t  and t h e  cone edge,  an e s t i m a t e  of t h e  t h i c k -  
n e s s  d i s t r i b u t i o n  was made f o r  l amina r  f low and  t u r b u l e n t  f l ow 
based  on t h e  h e a t i n g  d i s t r i b u t i o n s .  
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5 '  

These e s t i m a t e d  t h i c k n e s s  d i s t r i b u t i o n s ,  shown i n  f i g u r e s  C48 and 
C49, were used  i n  c o n j u n c t i o n  w i t h  t h e  s t a g n a t i o n  p o i n t  and cone  
edge  t h i c k n e s s  c u r v e s  t o  e s t i m a t e  t h e  w e i g h t s  f o r  t h e  h e a t  s h i e l d  
sys t em,  The a b l a t o r  t h i c k n e s s e s  f o r  t h e  f l a p  e x t e n s i o n s  were 
t a k e n  a s  t h e  cone  edge v a l u e s .  F o r  t h e  a i r m a t  a f t e r b o d y  e x t e n -  
s i o n s ,  t h e  a b l a t o r  t h i c k n e s s  f o r  t h e  PPA-1078 i s  g i v e n  i n  f i g u r e  
C50. 
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3 .  AEROSHELL PARAMETRIC STUDY 

The d a t a  p r e s e n t e d  h e r e i n  a r e  a r e s u l t  of a e r o s h e l l  p a r a m e t r i c  
s t u d i e s  conducted  f o r  t he  Mars Miss ion  Mode S tudy .  Gene ra l  a p -  
p r o a c h e s ,  a s sumpt ions ,  and methods of a n a l y s i s  a r e  d i s c u s s e d .  Re- 
s u l t i n g  p a r a m e t r i c  we igh t  curves a r e  p r e s e n t e d .  

Study Approach 

The a e r o s h e l l  p a r a m e t r i c  s t u d i e s  c o n s i d e r e d  an  a l l - a luminum 
s t r u c t u r e  w i t h  dep loyab le  aluminum f l a p s  o r  i n f l a t a b l e  c o a t e d -  
Nomex f a b r i c  airmats as r e q u i r e d  t o  a c h i e v e  the  d e s i r e d  e n t r y  
w e i g h t s  and b a l l i s t i c  c o e f f i c i e n t s .  

The methods of a n a l y s i s  used  i n  t h i s  s t u d y  a r e  o u t l i n e d  i n  
t h i s  s e c t i o n  of  t h i s  appendix .  The c o n f i g u r a t i o n s  ana lyzed  are 
shown i n  f i g u r e s  C51 t h r u  C53. The c o n f i g u r a t i o n  c o n s i s t s  o f  a 
t r u n c a t e d  cone w i t h  t h e  h a l f - i n c l u d e d  a n g l e  r a n g i n g  from 45 t o  
70". P r e v i o u s  s t u d i e s  have i n v e s t i g a t e d  sandwich s t r u c t u r e ,  i n t e -  
g r a l - r e c t a n g u l a r - f r a m e  s t a b i l i z e d  monocoque s t r u c t u r e ,  and c h a n n e l -  
f rame s t a b i l i z e d  monocoque s t r u c t u r e  a s  methods of  c o n s t r u c t i o n  
f o r  t h e  c o n i c a l  p o r t i o n  o f  the  a e r o s h e l l .  The r e s u l t  o f  t h i s  com- 
p a r i s o n  was t h a t  t he  channel - f rame s t r u c t u r e  was the  most e f f i -  
c i e n t ;  t h e r e f o r e ,  t h i s  d e s i g n  was used  f o r  t h e  Mars Miss ion  Mode 
Study . 

The s t u d y  c o n s i d e r e d  a r ange  of  d e s i g n  p r e s s u r e s  and l o a d s  
t h a t  would s a t i s f y  a n t i c i p a t e d  d e s i g n  c o n d i t i o n s  f o r  bo th  t h e  d i -  
r e c t  and o r b i t a l  e n t r y  mode. C o n s t r a i n t s  on  the  a n a l y s i s  c o n s i s t  
o f  minimum a n d / o r  maximum dimens ions  o r  m a t e r i a l  g a g e s .  Con- 
s t r a i n t s  on d e t a i l  s t r u c t u r e  a r e  g i v e n  i n  f i g u r e  C51. The maxi-  
mum b a s e  d i a m e t e r  f o r  t h e  f i x e d  p o r t i o n  of  t he  a e r o s h e l l  s t r u c t u r e  
was f i x e d  a t  15  f t .  Any r equ i r emen t  f o r  a l a r g e r  a e r o s h e l l  was 
accompl ished  by use  of  f l a p s  o r  a i r m a t .  

The p a r a m e t r i c  s t u d y  i n i t i a l l y  c o n s i d e r e d  the  e f f e c t  o f  pay-  
l o a d  frame r a d i u s  and  frame s p a c i n g  (BS)  on t h e  we igh t  o f  t h e  con-  
i c a l  s h e l l  s t r u c t u r e  i n  an  e f f o r t  t o  f i x  t h e s e  two v a r i a b l e s .  
F i g u r e s  C54 and C55 show s h e l l  w e i g h t  v a r i a t i o n  a s  a f u n c t i o n  of  
t h e s e  two v a r i a b l e s .  F igu re  C54 does  n o t  i n c l u d e  t h e  w e i g h t  o f  
t h e  payload  frame t h a t ,  a s  may be s e e n  i n  f i g u r e  C59, i n c r e a s e s  
r a p i d l y  w i t h  i n c r e a s e  i n  r a d i u s .  
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Frame d e t a i l  

Mininiuni d imens ions  
and g a g e s ,  i n .  

BS = 2.0 
T S  = .020 
BW = .50 
BF = .25 
TF = .015  

and g a g e s ,  i n .  

BS = 2.0 
T S  = .020 
BW = .50 
BF = .25 

F i g u r e  C 5 1  .- F i g u r e  C51 .- 
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I +' As a r e s u l t  of  t h e  d a t a  i n  f i g u r e  C54 and i n c l u d i n g  t h e  i n f o r m a -  
t i o n  i m p l i e d  i n  f i g u r e  C59, t h e  payload  frame r a d i u s  was f i x e d  , 

a t  t h e  r a d i u s  t o  t h e  tangency between t h e  a e r o s h e l l  c o n i c a l  s t r u c -  
t u r e  and nose  c a p ,  F i g u r e  C55 i n d i c a t e s  t h a t ,  f o r  t h e  r a n g e  of 
p r e s s u r e s  i m p o r t a n t  t o  the  Mars Miss ion  Mode Study (1,O t o  15.0  
p s i ) ,  t h e  f rame s p a c i n g  should  be as small as p r a c t i c a l ,  The 
frame s p a c i n g ,  a t  midcone, was f i x e d  a t  2 .0  i n .  f o r  t h e  p a r a m e t r i c  
s t udy . 

W i t h i n  t h e  c o n s t r a i n t s  ment ioned above ,  t h e  d a t a  g i v e n  i n  
f i g u r e s  C56 t h r u  C61 were g e n e r a t e d .  The d e s i g n  t e m p e r a t u r e  was 
70°F f o r  t h e  payload  frame and 300°F f o r  t h e  remainder  of the  
s t r u c t u r e .  F i g u r e s  C56 t h r u  C58 a l l o w  weighing  any r i g i d  a e r o -  
s h e l l  w i t h  a b a s e  r a d i u s  (RB) from 2.0 t o  10 f t ,  a d e s i g n  p r e s -  
s u r e  from 1 . 0  t o  50.0  p s i  ( u l t i m a t e ) ,  and a h a l f - i n c l u d e d  a n g l e  
from 45 t o  70". The d a t a  i n  f i g u r e  C59 a r e  f o r  a 70' a e r o s h e l l ,  
but  s h o u l d  be f a i r l y  r e p r e s e n t a t i v e  down t o  a 60" a e r o s h e l l .  
F i g u r e s  C60 and C61 a r e  a l s o  f o r  a 70' a e r o s h e l l  and t h e  e f f e c t  
of  cone a n g l e  v a r i a t i o n  i s  n o t  known a t  p r e s e n t .  
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Aluminum 
sandwich 

T o r s i o n  s p r i n g  
a b o u t  t h i s  a x i s  

owed p o s i t i o n  

.. 1. 

‘1. 

OB-03 

67.50-?C 

F i g u r e  C 5 2 . -  Concluded 
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1 
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Retent ion l i n e  
b r i d l e  

Folded airmat 

Airma t r e  t e n t i o n  
l i n e  

7 Airmat r e t e n t i o n  
and r e l e a s e  system 

Ablator 

Figure C53. -  Parametric Layout Study, 1 5 - f t  Diameter F i x e d  A e r o s h e l l  w i t h  Airmat Extens ion 
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envelope  

F i g u r e  C 5 3  . -  Conc luded  
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Design p r e s s u r e ,  p s i  

Note8 1. Aluminum s t r u c t u r e .  - 2 .  Tz d e t e r m i n e  we igh t  f o r  

o t h e r  t han  a 60' cone,  
m u l t i p l y  we igh t  of  a 
60' cone of proper RB 
and  d e s i g n  p r e s s u r e  by  
t h e  a p p r o p r i a t e  c o r r e c -  
t i o n  f a c t o r .  

40 50 60 70 
Cone a n g l e ,  deg 

F i g u r e  C56.- Aeroshe l l  P a r a m e t r i c  S t u d i e s ,  Nose Cap Weight 

0 10 20 30 40 50 
Design p r e s s u r e ,  p s i  

Note: 1. All-al luminum s t r u c t u r e .  - 
2 .  To de te rmine  we igh t  f o r  o t h e r  

than a 60" cone,  m u l t i p l y  
we igh t  of a 60" cone of 
p rope r  R B  and  des ign  p r e s -  
s u r e  b y  t h e  a p p r o p r i a t e  
c o r r e c t i o n  f a c t o r .  

Cone a n g l e ,  d e g  

F i g u r e  C57 .- A e r o s h e l l  Pa rame t r i c  S t u d i e s ,  C o n i c a l  S h e l l  Weight 
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0 10 20 30 40 50 

Note: 1. Al l -a luminum s t r u c t u r e .  
2 .  To d e t e r m i n e  w e i g h t  f o r  

o t h e r  t h a n  a 60' c o n e ,  
m u l t i p l y  w e i g h t  of a 60' 
cone  of p r o p e r  RB and  
d e s i g n  p r e s s u r e  b y  a p -  
p r o p r i a t e  c o r r e c t i o n  
f a c t o r .  J 

Y 

Li 

0 m w 
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0 m 
Y Y 

u 

Design p r e s s u r e ,  p s i  Cone a n g l e ,  deg 

F i g u r e  C 5 8 . -  A e r o s h e l l  P a r n m e t r i c  S t i i r l i e s ,  ALL Fr,inie Weight 

F i g u r e  C5Y .- Aeroshts l l  ParanleLr ic  S t u d i e s ,  Payload F r a m e  Weight 
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1 0 . 0  20.0 30.0 0 
Design  p r e s s u r e ,  p s i  

F i g u r e  C60.-  A e r o s h e l l  P a r a m e t r i c  S t u d i e s ,  T o t a l  F l a p  Weight 

D e s i g n  p r e s s u r e ,  p s i  

F i g u r e  C61.-  A e r o s h e l l  P a r a m e t r i c  S t u d i e s ,  A i r m a t  Weight 
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Study R e s u l t s  

F i g u r e s  C62 t h r u  C 7 5  r e p r e s e n t  t h e  composi te  a e r o s h e l l  w e i g h t s ,  
i n c l u d i n g  a b l a t o r ,  €o r  t h e  e n t r y  t r a j e c t o r i e s  i n d i c a t e d  i n  t h e  
f i g u r e  t i t l e s .  F i g u r e s  C62 and C63 are  f o r  t h e  o r b i t a l  e n t r y  mode 
and c o n s i d e r  a r i g i d  a e r o s h e l l  from 6 . 5  t o  20 .0  f t  i n  d i a m e t e r  a t  
t h e  b a s e .  F i g u r e s  C 6 4  t h r u  C67 a r e  f o r  d i r e c t  e n t r y  and c o n s i d e r  
r i g i d  a e r o s h e l l  f rom 6 . 5  t o  1 5  f t  b a s e  d i a m e t e r .  F i g u r e s  C68 t h r u  
C75 a r e  f o r  t h e  d i r e c t  e n t r y  mode and c o n s i d e r  a r i g i d  a e r o s h e l l  
from 6 . 5  t o  15 .0  f t  i n  d i ame te r  a t  t h e  b a s e  w i t h  e i t h e r  r i g i d  
f l a p s  o r  dep loyab le  a i rmat  e x t e n s i o n s  up t o  a n  e q u i v a l e n t  30 .0  f t  
base  d i a m e t e r .  I t  shou ld  be no ted  t h a t  a b r e a k  o c c u r s  i n  t h e s e  
c u r v e s  a t  a b a l l i s t i c  c o e f f i c i e n t  o f  a p p r o x i m a t e l y  0 .3 .  Two a b l a -  
t i v e  m a t e r i a l s  were used  i n  t h i s  s t u d y  w i t h  a s w i t c h o v e r  from 
SLA-561 to  PPA-1078 o c c u r r i n g  when t h e  maximum h e a t i n g  r a t e  equa led  
o r  exceeded  100 B t u / f t z - s e c  ( s e e  S e c t i o n  2 of t h i s  a p p e n d i x ) .  The 
b r e a k  i n  t h e s e  c u r v e s  i s  c o n s i s t e n t  w i t h  t h e  change i n  a b l a t o r  
m a t e r i a l s .  
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Methods of A n a l y s i s  f o r  C o n i c a l  A e r o s h e l l  S t r u c t u r e  

The c o n i c a l  a e r o s h e l l  s t r u c t u r e  f o r  a p l a n e t a r y  e n t r y  v e h i c l e  
c o n s i s t s  of f o u r  major  componen t s .  They a r e :  

1) Nose c a p ;  

2 )  C o n i c a l  s h e l l  o r  s h e l l s ;  

3 )  A f t  s t a b i l i z a t i o n  f r a m e ;  

4 )  P a y l o a d  f r a m e .  

A d i s c u s s i o n  o f  t h e  methods of  a n a l y s i s  u sed  t o  s i z e  and d e -  
t e r m i n e  w e i g h t s  o f  t h e s e  components  i s  g i v e n  be low.  

Nose c a p .  - The nose  c a p  i s  d e s i g n e d  a s  a monocoque s h e l l  
w i t h  a c o n s t a n t  r a d i u s  of c u r v a t u r e .  The method of a n a l y s i s  u s e d  
i s  g i v e n  on page 3 .25-1  of r e f e r e n c e  C28. A s i m p l e  e q u a t i o n  i s  
p r e s e n t e d  t h a t  a l l o w s  d e t e r m i n a t i o n  of  r e q u i r e d  t h i c k n e s s  o f  a 
monocoque s h e l l  i n  te rms  of e x t e r n a l  p r e s s u r e  and r a d i u s  o f  c u r v a -  
t u r e .  

where  

t = r e q u i r e d  t h i c k n e s s  

p = e x t e r n a l  p r e s s u r e  

R = r a d i u s  of  c u r v a t u r e  

E = modulus of e l a s t i c i t y .  

T h i s  e q u a t i o n  a p p l i e s  f o r  4 < A < 24 where 

114 A = [ 1 2 ( 1  - P2>1 

and 

p - Poisson's r a t i o  

Ro - base r a d i u s  of  n o s e  c a p .  
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0 
C o n i c a l  s h e l l  s t r u c t u r e .  - Two methods of  c o n s t r u c t i o n  ( s a n d -  

wich ,  f rame s t a b i l i z e d  monocoque) have been  c o n s i d e r e d  f o r  t h e  
s h e l l  s t r u c t u r e  of t h e  a e r o s h e l l .  Both methods assume a u n i f o r m  
e x t e r n a l  p r e s s u r e  on  a c o n i c a l  s h e l l  s i m p l y  s u p p o r t e d  a t  t h e  
b o u n d a r i e s .  The b a s i c  e q u a t i o n  f o r  g e n e r a l  i n s t a b i l i t y  of  t h e  
s h e l l  s t r u c t u r e  i s  based  on m a t e r i a l  g i v e n  i n  r e f e r e n c e  C29 and  
r e s u l t s  f rom e x p e r i m e n t a l  work on homogenous t r u n c a t e d  cones  s u b -  
j e c t e d  t o  e x t e r n a l  c o l l a p s i n g  p r e s s u r e .  The e x p r e s s i o n  f o r  t h e  
g e n e r a l  i n s t a b i l i t y  a l l o w a b l e  i s  : 

p = 0 .736  E / F  L ( F )  R 5 / 2  

where 

p = a l l o w a b l e  p r e s s u r e ,  p s i  

E = modulus of e l a s t i c i t y ,  p s i  

L = s l a n t  l e n g t h  of  t h e  cone ,  i n .  

R = ave rage  s l a n t  r a d i u s  of  t h e  cone ,  i n .  

t = t h i c k n e s s  of  cone s k i n ,  i n .  

The above e q u a t i o n ,  modi f ied  a s  r e q u i r e d ,  and a d d i t i o n a l  e q u a t i o n s  
r e q u i r e d  f o r  l o c a l  i n s t a b i l i t y  checks  were used  t o  a n a l y z e  t h e  
c o n i c a l  s h e l l s  a s  d i s c u s s e d  be low.  

Sandwich s h e l l s :  The sandwich s h e l l s  a r e  ana lyzed  as one o r  
two t r u n c a t e d  cones  depending  on t h e  l o c a t i o n  of  t h e  pay load  f r ame .  
The a n a l y s i s  assumes both  cones  t o  be h y d r o s t a t i c a l l y  l o a d e d ,  i . e . ,  
t h e  cones  a r e  s u b j e c t e d  t o  a compress ive  l o n g i t u d i n a l  s t r e s s .  The 
a n a l y s i s  assumes t h a t  s t r u c t u r e s  h a v i n g  e q u a l  r a d i i  o f  g y r a t i o n ,  
i n  the  c i r c u m f e r e n t i a l  d i r e c t i o n ,  w i l l  work t o  t h e  same s t r e s s  
l e v e l  b e f o r e  becoming u n s t a b l e .  By e q u a t i n g  r a d i u s  of g y r a t i o n ,  

s o l v i n g  f o r  t m  

t m  = q 1 2  d 
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and u s i n g  the  a s sumpt ion  o f  e q u a l  s t r e s s ,  

Pm R / t m  - P s  R/2ts 

Ps = 2 t s  Pm/tm 

t h e  g e n e r a l  i n s t a b i l i t y  e q u a t i o n  becomes: 

where 

t m  = monocoque t h i c k n e s s ,  i n .  

b = u n i t  w i d t h ,  i n .  

t s  = sandwich f a c e  t h i c k n e s s ,  i n .  

d = d i s t a n c e  from sandwich c e n t r o i d  t o  c e n t r o i d  of  f a c e  
s h e e t ,  i n .  

I t  i s  assumed t h a t  c o r e  c e l l  s i z e  i s  s m a l l  enough t o  p rvc lude  
i n t e r c e l l u l a r  b u c k l i n g  o f  t h e  f a c e  s h e e t s .  

The above e q u a t i o n  h a s  been  i n c o r p o r a t e d  i n  J program w r i L t c , n  
f o r  t h e  I B M  1130 computer  t h a t  w i l l  de t e rmine  optimum we igh t  sand- 
wich  s h e l l s  w i t h i n  t h e  l i m i t s  of  minimum f a c e  t h i c k n e s s  and m i n i -  
mum a n d / o r  maximum c o r e  h e i g h t .  I n c l u d e d  a r e  we iqh t  for t h e  r c -  
q u i r e d  c o r e ,  bonding a g e n t  between f a c e  s h e e t s  and C O L C ,  and ~ p -  
p r o p r i a t e  edge members t o  a l low manufac tu r ing  o r  A segriic~iitetl . ivi  o- 
s h e l l .  

Frame s t a b i l i z e d  monocoque s h e l l s  : Frame s L c i l i i l i / e d  nionocoquf 
s h e l l s  were ana lyzed  as one o r  two s h e l l s  dependin ;  o n  the, l o c L i -  
t i o n  of t h e  payload frame w i t h  a d i f f e r e n t i a t i o n  i n  tile Lype o f  
l o a d i n g  b e i n g  c o n s i d e r e d  i f  t h e  s h e l l  were forw'irtl o r  a f t  of  t h e  
payload  f r ame .  S h e l l s  forward  o f  t h e  payload  f rame were cons i t l -  
e r e d  h y d r o s t a t i c a l l y  loaded  and s h e l l s  a f t  of  t h e  p i y l o a d  [ramp 
were c o n s i d e r e d  r a d i a l l y  loaded  by a un i fo rm r x t c r n a l  p r e s s u r - c .  
The a n a l y s i s  assumes t h a t  s t r u c t u r e s  have e q u a l  i - , i t l i i  o f  ;;YL-~tioII, 
i n  t h e  c i r c u m e r e n t i a l  d i r e c t i o n ,  w i l l  work L O  t l i c  snliie s tvcss  l r v e l  
b e f o r e  becoming u n s t a b l e .  \!it11 t l i i  s a s s u m p t i o n ,  L I I C  ~ ~ ~ ~ l l c ~ l - ~ ~  

i n s t a b i l i t y  e q u a t i o n  becomes: 
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t where 

E = smear t h i c k n e s s  of s t r u c t u r e  ove r  a wid th  b ,  i n .  

I = moment of  i n e r t i a  o f  t h e  s t r u c t u r e  ove r  a w i d t h  b 
and a b o u t  a n  a x i s  p a r a l l e l  t o  t he  s h e l l  s k i n ,  i n . 4  

b = f rame s p a c i n g  a t  t h e  ave rage  r a d i u s  of  t h e  cone ,  i n .  

I n  a d d i t i o n  t o  a g e n e r a l  i n s t a b i l i t y  c h e c k ,  t h e  f o l l o w i n g  
checks  are  made on  t h e  d e t a i l  s h e l l  s t r u c t u r e :  

1) Loca l  i n s t a b i l i t y  o f  i n t e r m e d i a t e  f rame e l e m e n t s ;  

2 )  Loca l  i n s t a b i l i t y  o f  t h e  s h e l l ;  

3 )  Loca l  y i e l d  of  any s h e l l  e l e m e n t .  

The l o c a l  i n s t a b i l i t y  check f o r  t he  i n t e r m e d i a t e  f rame e l e -  
ments i s  e x p r e s s e d  i n  g e n e r a l  form a s :  

where 

K = a c o e f f i c i e n t  t h a t  i s  a f u n c t i o n  of t he  frame e l emen t  
boundary c o n d i t i o n s  

R = l o c a l  r a d i u s  of c u r v a t u r e  o f  t h e  s h e l l ,  i n .  

tr = frame e l emen t  t h i c k n e s s ,  i n .  

b r  = frame e l emen t  w i d t h ,  i n .  

Loca l  i n s t a b i l i t y  o f  the  cone s k i n ,  between f r ames ,  i s  checked 
by the  u s e  of two e x p r e s s i o n s .  The f i r s t  assumes t h e  s k i n  t o  be 
i n  i n f i n i t e l y  long  f l a t  pane l  s imply  s u p p o r t e d  a t  t h e  e d g e s .  The 
second assumes the  s k i n  t o  be a t r u n c a t e d  homogenous cone .  The 
h i g h e r  a l l o w a b l e  o f  t h e s e  two e x p r e s s i o n s  i s  used :  
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where 

C = a c o e f f i c i e n t  t h a t  i s  a f u n c t i o n  of t h e  s k i n  e l e m e n t  
boundary c o n d i t i o n s  

t s  = s k i n  t h i c k n e s s  

t = smear t h i c k n e s s  

11 = l o c a l  1-ad ius  o f  c u r v a t u r e  

b = frame s p a c i n g .  

The  analysis c o n s i s t s  oi s e l e c t i n g  t h e  a p p r o p r i - a t e  e l emen t  
sizes s o  t h a t  a l l  the  s t a b i l i t y  checks  a r e  s a t i s f i e d ,  t h e  s t r u c -  
t u r e  w i l l  not  be c r i t i c a l  i n  yield, and a minimum we igh t  s t r u c -  
t u r e  w i l l  be a c h i e v e d .  Th i s  m e L l i o d  o f  a n a l y s i s  was s u g g e s t e d  by 
and has been corupared t o  those  pi-oposeti i n  r e f e r e n c e s  C30 and C 3 1  
and shows ve ry  good agreemelit. R e s u l t s  u s i n g  t h i s  method a r e  
s l i g h t l y  niore coi iservci t ive than those  usin: t h e  methods o f  analy- 
s i s  €1-oui r e f e r e n c e s  C30 Lint1 (: j1. 
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rr 

W' 

A program f o r  t h e  IBM 1130 computer  h a s  been w r i t t e n  t o  s i z e  
a minimum we igh t  frame t h a t  w i l l  s a t i s f y  g e n e r a l  and l o c a l  i n s t a -  
b i l i t y  r e q u i r e m e n t s .  

Payload  f r ame .  - The payload  frame c o n s i s t s  of  s t r u c t u r e  t o  
r e d i s t r i b u t e  t h e  payload  w e i g h t ,  d u r i n g  e n t r y ,  i n t o  a f a i r l y  u n i -  
form l o a d  i n t o  t h e  s h e l l  s t r u c t u r e  o f  t h e  a e r o s h e l l .  The payload  
frame was ana lyzed  as a c i r c u l a r  s t a b l e  web beam on t h e  e l a s t i c  
f o u n d a t i o n  p rov ided  by t h e  a e r o s h e l l  s h e l l  s t r u c t u r e .  The method 
of a n a l y s i s  assumes a s t r a i g h t  beam e q u a l  i n  l e n g t h  t o  t h e  c i r -  
cumference of  t h e  pay load  frame and matched end c o n d i t i o n s  on 
e i t h e r  end o f  t h e  f r ame .  The a n a l y s i s  i gnored  t h e  s t i f f n e s s  p r o -  
v i d e d  by hoop c o n t i n u i t y  of t h e  frame a n d ,  t h e r e f o r e ,  g i v e  a d e -  
q u a t e  b u t  c o n s e r v a t i v e  r e s u l t s .  A program was w r i t t e n  f o r  t h e  
IBM 1130 computer t o  s i z e  a minimum w e i g h t  frame t h a t  w i l l  s a t i s f y  
s t i f f n e s s ,  s t a b i l i t y ,  and s t r e n g t h  r e q u i r e m e n t s .  

R i g i d  Deployable  F l a p s ,  Weight A n a l y s i s  

The r i g i d  d e p l o y a b l e  f l a p  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  
C 5 2  of  t h i s  append ix .  En t ry  p r e s s u r e  l o a d s  are  r e a c t e d  p r i m a r i l y  
by bend ing  o f  t h e  sandwich s u r f a c e  s t r u c t u r e  and  t w i s t i n g  moments 
on t h e  a e r o s h e l l  a f t  f rame.  The l o n g i t u d i n a l  members i n  t h e  f l a p s  
were p o s i t i o n e d  t o  minimize spanwise  bend ing  i n  sandwich  s u r f a c e  
s t r u c t u r e .  The l i n k  mechanisms were p o s i t i o n e d  on t h e  f l a p  l o n g i -  
t u d i n a l  members t o  minimize bend ing  i n  t h e s e  members. The a f t  
f rame was t r e a t e d  a s  a c i r c u l a r  t o rque  box and d e s i g n e d  by s t i f f -  
n e s s  r e q u i r e m e n t s .  R o t a t i o n  o f  t h e  a f t  frame was r e s t r i c t e d  t o  
an  a r b i t r a r y  1". Standard  methods of  a n a l y s i s  were used  on t h e  
f l a p  s t r u c t u r e  and w i l l  n o t  be d e t a i l e d  h e r e .  

Airmat" Cone Weight A n a l y s i s  

The a i r m a t  cone system i s  a means o f  e spand ing  t h e  a e r o s h e l l  
i n  t h e  form of  a con t inuous  i n f l a t a b l e  e x t e n s i o n  as i n d i c a t e d  i n  
f i g u r e  C 7 6 .  The t o t a l  sys t em w e i g h t  i s  e x p r e s s e d  by 

+ Id + w + w + \LI - 
"AM - 'cloti1 gas t a n k  plumbing acce  s sor i e s  

;tTM, Goodyear Aerospace C o r p o r a t i o n .  
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F i g u r e  C76.-  A i r m a t  Cone C o n f i g u r a t i o n  
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where 

= w e i g h t  of  s e a l e d  f a b r i c  r e q u i r e d  t o  make 
t h e  t r u n c a t e d  cone ex  t e n s  i o n  'c loth 

= weight  o f  i n f l a t i n g ,  chosen  a s  H;? i n  t h i s  
s t u d y  

= s t o r a g e  t a n k  w e i g h t  

= p i p i n g ,  v a l v e ,  f i t t i n g s ,  e t c .  

'tank 

'plumbing 

a c c e s s o r i e s  = w e i g h t  of  a t t a c h m e n t ,  r e l e a s e ,  and s tow-  W 

age d e v i c e s .  

I n  t h i s  a p p l i c a t i o n  the  airmat i s  deployed and i n f l a t e d  t o  
f i n a l  e n t r y  c o n f i g u r a t i o n  b e f o r e  t h e  v e h i c l e  comes i n  c o n t a c t  
w i t h  a s e n s i b l e  p l a n e t a r y  a t m o s p h e r e .  T h i s  approach r e q u i r e s  a 
f u l l  i n f l a t i o n  system be p r o v i d e d .  

The e x p r e s s i o n s  f o r  e l e m e n t a l  w e i g h t s  a r e  g i v e n  below and ,  i n  
t h e  c a s e  of  t h e  c l o t h  and a c c e s s o r i e s  w e i g h t s ,  a r e  d e r i v e d  from 
Goodyear Aerospace C o r p o r a t i o n  a n a l y s e s  and s u p p o r t i n g  d a t a  (GAC 
r e p o r t  GER-12842 , October , 3 1966) .  

- - 3Cpq1rD~ , (F .S . )  'cloth 8 t a n  e t a n  0 1 + -  s i n  01 
[ 1 + -  s i n  a 

A s  i t  c o n c e r n s  t h i s  s t u d y ,  v a l u e s  used  i n  t h i s  e x p r e s s i o n  a r e :  

c p  = 2 . 5  

q = maximum f r e e - s t r e a m  dynamic p r e s s u r e ,  from t r a -  

D = d i a m e t e r  of  cone ( s e e  f i g .  C76) 

K f a  = 38 900 f t  (coated-Nomex f a b r i c )  

Ke = 1 . 0  (GAC recommendat ion)  

j e c t o r y  a n a l y s i s  

( s e e  f i g .  C76) I e = 5 0  

= 70" - 0 = 65" 

F .S .  = 2.0  (GAC recommendat ian) .  
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With v a l u e s  above s u b s t i t u t e d ,  

= 9 .06  (10b5)q D3 ' c loth 

w =qv 
gas 54 200 

where V = volume of  cone  e x t e n s i o n  

= 15 w 
t a n k  ( gas)  

W = 35  l b  
plumbing 

c o n s t a n t  f o r  all s i z e s  

W = 0.0018q DG a c c e  s s o r  i e  s 

d e r i v e d  from GAC p o i n t  d e s i g n  d a t a .  

V 

b 
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